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EVALUATION OF REFRACTORY -METAL-CUD URANIUM NITRIDE AND URANIUM 
DIOXIDE FUEL PINS AFIER IRRADIATION FOR TIMES UP TO 10 450 MURS AT 99@ C 
I by Kenneth J. Bwles and Richard €. Gluyas 
Lewis Research Cente 
SUMMARY 
A reference design cancept for a liquid motal -led, fa8t spectrum apace power re- 
actor waa atudied. The do& goal8 rere a life of at 1-t 50 000 houri, a p e r  of 2.2 
mrgrrrtb (thermal), ~IXI a coolant outlet temperature of about QSOO C. ~a in-reactor 
8twly at fuel pino incorporathg mleetad fuel pin materiala vaxbblem wm wducted. It 
w8m iabnded that the most promioh fuelcladding combinatton, based on the reaulta of 
I fhir oludy, would be mlected for further ahxly and development. Nine fuel p b ,  includ- 
iw nominally 85 and 95 perm dew uranium mononitride (UN) and Qb percent deme 
i uranium dioldde ( ~ 0 ~ )  ctad with tmpten-lined ~-111 (~a-m-2~0 and 9s percoat de- 
1 UOa clad with tungsten-linsd Cb-lZr,  were irradiated for times up to about 10 OOO home 
: at a nominal c l ~ d h g  temperature of 990' C in the Oak Ridge Research Reactor (ORR). 
' Tho hmap rate was accelerated to give fuel burnupa expected in the reactor dedgn con- 
cept at bo 060 burs ( m t  2 uranium at. % for the U02 fuel and about 9 uranium at. % 
bi thr, UN fuel). Evplurti4n of the pino indicated the following: 
1. Since low density (85 percent denae) UN fuel clad with tungaten-lined T-111 
rhmd lees thau 0.5 percent fuel pin diametral #train under the irradiation teat condi- 
Uoar, it &one promle of meeting the 50 000-hour life goal in the raactor concept. 
Fwl pine with high dendty (98 percent dense) UN exhibited large diametral straining 
(1.5 prrcent) of the claddine which cawed rupture of the cladding. 
1. The U 0 2  fuel is considered to ba lees attractive for the fuel pin design concept 
kcawe of extenaive cracklng of the fuel and high fiaelon grrrr releaee (about 30 percent 
compuad to about 4 percent for prow UN fuel). But the diametral swelling of the UOt 
ha1  pi^ in this test WM 1 percent or leea. 
3. The T-111 cladding embrittled and cracked at about 1.5 percent diametral strain, 
pmbeblp bscscse d se!~slticatb?r tc! h y h g e ~  embrittlemen#. This 1s not expected to oc- 
cur in an operating apace reactor becaue of escape of hydro- by permeation through 
&a hot reactor versol. 
4. The Cb-lZr appeared to be more compatible than T-111 with U 0 2  fuel. Alm, 
Cb-lZr la lea8 rubject to hydrogen embrittlement &d rhould be invertigatod iu an al- 
ternate cladding material for porous UN for he1 pine llmited to cladding ternperaturer 
klar about ssoo c. 
! .  
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INTRODUCTION 
A reference design concept for a compact, liquid metal cooled, fast spectrum reac  - 
tor  for potential space power applications (termed the "Advanced Power Reactor '9 was 
studied. The operating goal for this reference reactor was a life of at least 50 000 hours 
at a power level of 2. 2 megawatts (thermal) and a coolant outlet temperature of 950' C. 
Details of the conceptual design, the materials technology program, and the nuclear de - 
sign and associated critical experiments are described in references 1 to 3, respec-  
tively. The technology program, carried out in support of the design concept, was in- 
tended to determine concept feasibility, to develop long lead-time technology, and to test 
critical components. But before the work could be completed, the nuclear space power 
reactor program at the Lewis Research Center was terminated. Although incomplete, 
some parts of the program had progressed to the point where useful information was ob- 
tained. The status of the overall program at its close and the resul ts  of the materials 
technology efforts a r e  summarized in reference 4 .  
The fuel pins for  the proposed reactor concept consisted of uranium mononitride 
(UN) cylinders clad with tungsten-lined T-111 (Ta-8W-2Hf) as shown in figure 1 (also see 
ref. 1). Under operating conditions the cladding of the fuel pins would be subjected to 
s t resses  from fission gases released from the fuel, and from fuel swelling caused by the 
accumulation of gaseous and solid fission products in  the fuel; damage by neutron bom- 
bardment; and possible reactions involving fuel -cladding, cladding -coolant, and cladding- 
fission products. Also, fuel-coolant reactions might be a problem in case of a defect in 
the cladding. To compensate for these possibilities for fuel pin degradation, the limit 
for  maximum fuel pin diametral s t ra in  w a s  established at 1 percent in 50 000 hours and 
preferably the cladding should remain ductile and free from cracks.  In addition, the fuel 
must be maintained in a stable configuration within the core  of the reactor  to  a s su re  ade- 
quate reactor control. 
This report  presents the resul ts  of one part  of an  in-reactor fuel pin irradiation 
study conducted in support of the design concept. The other par t s  of the fuels irradiation 
program a r e  presented in references 5 to  7 .  The prime emphasis of these studies was 
for  evaluation of the irradiation performance of 95 percent dense UN clad with T-111. 
The part of the study described in this report  was  primarily an investigation of the 
effects selected materials variables had on fuel pin performance under irradiation. The 
main emphasis w a s  on the prime fuel pin mater ia ls  UN and T-111 but the uranium dioxide 
(U02)  fuel and a columbium alloy cladding (Cb-1Zr) were included as possible alternate 
materials. Unpublished calculations for a U02 fueled reactor  design, equivalent to the 
UN fueled reference reactor design, indicate a need for a larger  reactor  with a higher 
uranium atom inventory for the U 0 2  fueled reactor  than for  the UN fueled reactor .  This  
resul ts  in a smaller end of l ife burnup for the u02 fuel (-2 at. o/c) than for  the UN fuel 
(-3 at. %). 
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The specific objectives of the fuel pin irradiation tes t s  carried out in this experiment 
(1) To compare the irradiation performance of low density (-85 percent dense) UN 
were as follows: 
containing interconnected porosity with that of high density (-95 percent dense) 
UN with enclosed porosity in fuel pins clad with T-111 (Ta-8W-2Hf) 
(2) To compare the irradiation performance of a U 0 2  fuel pin clad with T-111 to the 
performance of UN fuel pins clad with T-111 
(3) To compare the irradiation performance of U 0 2  fuel pins clad with T-111 to the 
performance of U 0 2  fuel pins clad with Cb-1Zr 
(4) To select the most promising fuel -cladding combinations for further development 
and to  identify potential problems 
This experiment involved the design, fabrication, and irradiation of nine fuel pins 
1 
2 
1 
1 
(0.953 cm (3/8 in. ) diam by 11.43 cm (4- in. ) length). Most of the study was done at the 
Oak Ridge National Laboratory (ORNL) under a NASA-funded interagency agreement with 
the Atomic Energy Commission. Under this agreement the ORNL constructed and ir - 
radiated the fuel pins and their containment capsules, disassembled the capsules after 
pins were irradiated in the Oak Ridge reactor at approximately 990' C for t imes up to  
about 10 000 hours. For comparison, eight other fuel pins, each identical to  one of the 
irradiated fuel pins, were tested out of pile in an ultrahigh vacuum system at similar 
temperature and time conditions. A few selected fuel pins and the corresponding thermal 
simulation pins were sectioned and examined at Lewis. This report summarizes the re- 
sults of the entire experiment with major emphasis on the results of the postirradiation 
examination on the selected pins. 
Irradiation tests of UN fuel pins have been conducted at other laboratories (refs.  9 
to 13). Most of these investigations, however, were carr ied out at higher temperatures 
( l l O O o  C to 1450' C) than the prime fuel pin cladding temperature (-990' C) of interest 
for this reactor concept. Cladding materials were mainly columbium and tungsten al- 
loys, and the fuel was  limited to  high density UN (95 percent dense). Thus, a direct 
comparison of the behavior of UN and U 0 2  was not made under the conditions of interest  
here. 
-' - - ' - - - * - -  ---LA--- n - . n - ; n q C i r \ n  nf the f1ie.l ninq (ref, 8 ) .  irradiation, ana did a prerirrmar y CALCA 1 1 d  C A a I I I A 1 1 a L l v l l  &..- ___-  r---- The 
'All fuel pin claddings (both T-111 and Cb-1Zr) used in this experiment were li 
with thin tungsten foil to minimize any fuel-cladding reactions. 
ed 
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REVIEW OF CAPSULE DESIGN, FABRICATION, AND IRRADIATION 
AND THERMAL CONTROL HISTORY 
The capsule and fuel pin design, fabrication, and irradiation (as well as preparation 
and aging of thermal control specimens) were carr ied out at ORNL. These areas a r e  
summarized in  the following sections. A more detailed treatment can be found in refer  - 
ences 8 and 14. 
Fabrication of Fuel Pins 
Eleven UN fueled and six U 0 2  fueled tes t  pins were fabricated. Six of the UN and 
three of the U 0 2  pins were used for irradiation testing and five UN and three U 0 2  pins 
were used for out-of -reactor thermal testing. Descriptions of all the fuel pins, including 
pretest dimensions, weights of fuel pins components, densities of the fuel pellets, and 
fuel enrichments, a r e  tabulated in tables I and II. For  simplicity, subsequent discus- 
sions of the fuels will refer to the fuel in pins 12 and 14 as 95 percent dense UN, to the 
fuel in pins 10, 11, 13, and 15 as 85 percent dense UN, and to  the fuel in pins 16, 17, 
and 18 as 95 percent dense U 0 2 .  All of the tes t  pins were s imilar  in configuration. A 
sketch of a typical test pin is shown in figure 2. 
As shown in figure 2, eight to ten fuel pellets are contained within each fuel pin. 
The fuel was separated from the cladding and end caps by the tungsten liner and two cy- 
lindrical tungsten spacers.  This separation of fuel and cladding materials was  necessary 
to prevent fuel-cladding reactions (ref. 15). The hemispherical T-111 washers  were 
used to help position the fuel axially within the fuel pin. These washers were intended to  
deform during irradiation testing to  accommodate thermal expansion and irradiation- 
induced swelling of the fuel in  the axial direction without transferring unnecessarily large 
stresses to the cladding. 
used quality assurance procedures developed as a part of this irradiation program. The 
details of the quality assurance procedures are presented in reference 8. 
rication and assembly procedures. Chemical analyses of the fuel materials are pre-  
sented in tables III and IV. The cladding mater ia ls  were purchased under the materials 
specifications presented in reference 16. 
The cladding and end plugs of the fuel pins were fabricated from tubing and rod, r e -  
spectively. All fuel pins were lined with a free standing cylindrical tungsten l iner.  The 
liner w a s  formed by hot isostatically pressing five layers of 0.0025-centimeter (0.001- 
in. 1 tungsten foil over a molybdenum mandrel inside a sealed molybdenum can. The 
Fabrication and assembly of the fuel pins, irradiation capsules, and thermocouples 
Characterizations of all materials were carr ied out as an integral part  of the fab- 
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8 layers  of foil were bonded together under a pressure of 2. 1x10 newtons per square 
meter (30 000 psi) a t  1665' C for 1 hour. After pressing, the outer can was stripped 
away by chemical dissolution and the liner outside diameter was  ground to  s ize .  The 
final fabrication step was  the removal of the molybdenum mandrel with acid (10 percent 
H2S04, 40 percent HN03, and 50 percent H 2 0  by volume). 
The 95 percent dense UN and U02 cylinders were fabricated with an axial hole along 
the centerline. The 85 percent dense UN cylinders had no axial hole so that the pins con- 
taining this fuel had the same "smear ? ?  density of fuel as the pins containing high density 
fuel. (The ?vsmear ' '  density of the fuel is obtained by dividing the total weight of fuel by 
the volume enclosed by the cladding over the length of the fuel stack. ) The length of the 
fuel stack was the same for all of the fuel pins. 
The fabrication procedures for the UN fuel a re  described in reference 17. It should 
be pointed out that the uniaxial dry pressing technique used in this study produced pellets 
which were apt to  contain small  circumferential cracks. The U 0 2  fuel was  fabricated by 
similar techniques. However, there was  a difference in  the preparation of the powder 
from which the pellets were pressed. The UN powder was made by a hydride-dehydride- 
nitride precess f rnm uranium metal appropriately - -  - enriched in U-235. The U 0 2  powder, 
on the other hand, was obtained by blending U02 powder depleted in U-235 with 93 per-  
cent enriched U 0 2  powder in the required rat ios  to produce the final enrichment desired. 
The fuel pins were assembled using the procedures outlined in appendix A. A typ- 
ical as-fabricated fuel pin is shown in figure 3 .  
Capsule Design and Assembly 
The fuel pins were irradiated in three capsule assemblies which each contained 
three fuel pins stacked end to  end. Two of the capsule assemblies (identified as UN-4 
and UN-5) contained the s ix  fuel pins using the UN fuel. The other capsule assembly 
(UN-6) contained the three fuel pins with the U 0 2  fuel (see table I). The capsules were 
designed to produce the desired fuel pin cladding temperature (990' C), and they were 
instrumented to allow the determination of both the cladding temperature and the heat 
flow from the fuel to the reactor  coolant water. The heat flux was used to calculate burn- 
up as the testing proceeded (ref. 14). 
The three fuel pins in each capsule were positioned as shown in figure 4.  Chromel- 
Alumel thermocouples are positioned in the NaK-76 filled gap and also along the second- 
a r y  containment vessel .  The thermocouples on the secondary containment vessel  are 
positioned in pairs ,  one on the outside surface and one insiae the vessel wal l  t~ Ti iea ; ;1*C 
the temperature drop through the wall. Details of the capsule design, thermocouple po- 
sitions, and assembly are given in references 8 and 14. 
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Capsule Irradiation 
Each capsule w a s  suspended in  position at the reactor face by a stainless steel  sup- 
port  tube which served as a lead tube to conduct the thermocouple leads and gas lines 
f rom the capsule to the instrumentation leads at the side of the Oak Ridge reactor pool. 
The capsule itself could be  moved toward o r  away from the face of the reactor to vary 
the neutron flux level. The estimated thermal neutron flux level along the fuel column 
was  1. 2X1013 to 1 . 5 ~ 1 0 ~ ~  neutrons per  square centimeter per second. The axial flux 
profile along the capsule was such that the top fuel pin in each capsule w a s  exposed t o  a 
lower flux than the other two fuel pins. The heat generation ra tes  in these top pins were 
the same as those in  the other two pins because the U-235 enrichment was increased ap-  
propriately. Since the T-111 cladding in the middle U 0 2  fueled pin (pin 17) afforded 
more neutron shielding than the Cb-1Zr cladding, the fuel in pin 17 also contained a 
higher enrichment of U-235. The thermal fluence received by the fuel during irradiation 
was 4. 3X1O2O to 8.  6X1020 neutrons per  square centimeter for the UN fuel (-10 000 hr )  
and 3. 4X1O2O to 6. 9X1020 neutrons per  square centimeter for the U 0 2  fuel (-8000 hr). 
The effective fast neutron flux (E 2 1 MeV) w a s  one order  of magnitude lower than 
the effective thermal flux or about 1. 2X10l2 to 1. 5X1Ol2 neutrons per  square centimeter 
per  second. The fast neutron flux of the reference space power reactor  concept is cal-  
culated to be  3 . 5 ~ 1 0 ~ ~  neutrons per square centimeter per second (for energies 2 
0. 82 eV) (ref. 1). This is over an order of magnitude greater  than that experienced by 
the materials in  this tes t  program. Therefore,  the testing in the thermal flux of the Oak 
Ridge reactor did not generate information on the effects of fast neutrons (at fluences of 
about neutrons/cm ) on the swelling, ductility, and creep  properties of the cladding 
at high temperatures. 
The two capsules containing the UN fueled pins were designed to operate with a heat 
generation ra te  of 28.2 to 30.2 kilowatts per  meter (8. 6 to 9. 2 kW/ft) to maintain the 
cladding temperature at about 990' C with a AT of about 125' C ac ross  the radius of the 
fuel. The actual heat generation r a t e ,  calculated from the calorimeter measurements 
during irradiation, w a s  found to be 31.2 to 36. 1 kilowatts per meter (9. 5 to 11.0 kW/ft). 
sign conditions. Because the thermal conductivity of U 0 2  is less than that of UN, an 
additional requirement of this capsule design was to limit the fuel pellet centerline tem- 
perature to <1600° C. This limit was selected to minimize fuel redistribution and/or 
fuel restructuring of the U 0 2  during irradiation. Calculations predicted that a heat gen- 
eration rate of 19.7 kilowatts per  meter (6 kW/ft) would maintain the cladding at 990' C 
and the fuel centerline at about 1550' C. However, on insertion of the capsule for irra- 
diation it w a s  found from cladding and calorimeter temperature measurements that 
higher centerline temperatures would result f rom operation at a cladding temperature of 
990' C. Therefore, the fuel pins were held at a reduced power of 13.4 t o  16.7 kilowatts 
6 
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Difficulties were encountered in operating the capsule containing U02 fuel pins at de- 
per meter (4. 1 to 5.1 kW/ft) for  the first 1500 hours of irradiation while methods for 
achieving experiment design conditions were investigated. During this period the clad- 
ding temperatures were 880' C and the fuel centerline temperatures were about 1500' C.  
It was found that the design conditions could be met by replacing the helium in the outer 
gas-filled conduction gap (see fig. 4) with argon and using a heat generation rate lower 
than 19.7 kilowatts per meter (6.0 kW/ft). Therefore, this change was  made and the 
pins were operated at the design cladding temperature (990' C) for the remainder of the 
test. 
Reactor cycles were 6 weeks in duration with two short  refueling shutdowns during 
each cycle. Thus, in about every 900 hours of fuel pin irradiation the fuel pins experi- 
enced three thermal cycles between 990' and 120' C. The UN fueled pins experienced a 
total of 34 or  35 thermal cycles while the U 0 2  fueled pins experienced 28 thermal cycles. 
Temperature Measurements 
u"cii'iiig tile co'ase cf the irradiation tests the failure rate of the Chromel-Alumel 
thermocouples in  the NaK was  high. More than half of the NaK-exposed thermocouples 
used in this experiment failed. These failures apparently were due to the formation of 
a parasitic junction in a cool zone of the thermocouple lead (see ref. 8 ) .  
tion rate, as calculated from the thermocouples on the outer Zircaloy 2 containers, and 
the cladding temperatures. So, in spite of the high rate of failure of the NaK-exposed 
thermocouples, operation of the capsules was maintained in a reliable manner with those 
NaK thermocouples which continued to function satisfactorily and with the calculated heat 
generation rates. 
The fuel pin temperature variations as a function of position and t ime were quite 
complex and are discussed in more detail in  reference 8. As mentioned ear l ie r ,  each 
pin was instrumented with two cladding thermocouples. The junctions of these thermo- 
couples were placed opposite each other at the axial midplane of the pin. One of the two 
thermocouples on the middle pin of each capsule was used as the control couple except 
where the thermocouple failure necessitated a shift to a thermocouple on another pin. 
The middle control pin in each capsule could be  held within *15O C of the target temper- 
ature by adjusting the distance of the capsule from the face of the reactor to compensate 
for changes in flux level during a reactor cycle. Under these conditions the top and bot- 
tom fuel pin experienced a measured temperature variation of +50° C during a cycle. 
The time-averaged axial midplane temperatures of all of the pins were within the 925' to 
1O1Oo C range in this experiment. The maximum measured circumferential temperature 
difference for a pin was  about 20' C. The axial cladding temperature gradients the pins 
were not measured but were estimated by heat transfer calculations. The average axial 
Early in the testing a reliable relationship was established between the heat genera- 
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temperature in the central 3.8-centimeter (1. 5-in. ) section of the fuel pin cladding de-  
creased about 20' C per  centimeter from the axial midplane of the pins. At the ends of 
the fuel column, the calculated temperature fell to as low as '700' C .  (The fuel and clad- 
ding specimens used for  postirradiation evaluation were taken from the central portions 
of the fuel pins. ) 
Fission Gas Monitoring 
At the end of every 6-week reactor cycle, the cover gas  over the NaK in each cap- 
sule was sampled to monitor for fission gases.  Detecting any fission gases could inti- 
cate cladding ruptures or leaking fuel pins. 
Fission gases  were initially detected in capsule UN-4 at the end of the first reactor 
shutdown. The measured activity level was very low and appeared to remain constant 
throughout the r e s t  of the irradiation test .  T races  of fission gases  were first detected 
in capsule UN-5 after 8500 hours of continued irradiation. No fission gases were de-  
tected in  capsule UN-6 at any time during the irradiation test. Approximate calculations, 
based on the  f r ee  volume of the capsule and the level of activity of the gas samples,  in- 
dicated a very small  amount of fission gas was released from the fuel pins in  capsules 
UN-4 and UN-5 (less than 0.01 percent of the fission gas expected to b e  released from 
the UN fuel). This low amount suggested leakage through a very small  cladding crack or 
pore. 
Neutron Radiography 
Neutron radiography facilities at ORNL (see ref. 19) were used to observe the con- 
dition of the fuel pins during irradiation. Observations of primary interest  were fuel 
swelling, cladding diametral changes, and integrity of fuel and cladding (i. e ,  , a reas  of 
reaction or crack development). 
(2) sometime after half of the irradiation t ime had elapsed, and (3) after irradiation was 
completed. Each time the capsule w a s  radiographed from three angles: Oo, 45O, and 
90'. (The 0' angle was of the side of the capsule nearest  to the reactor  during 
irradiation. ) 
measurement of changes could not be made because of (1) the lack of c lear  fuel pin edge 
delineation because of thermocouple interference,  (2) flux gradients, both axial and ra- 
dial, and (3)  the unsharpness effect from both the film and the radiograph camera which 
Each capsule w a s  radiographed three t imes: (1) before the irradiation test, 
Cladding cracks and fuel cracks were observed in some cases.  But a quantitative 
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resulted in inconsistent measurements. These problems a r e  discussed in more detail in 
reference 20. 
follows: 
with T-111) after 7200 hours or irradiation. But a major cladding crack was observed in 
this pin after 10 450 hours of irradiation. 
(2) A major cladding crack was observed in fuel pin 14 (95 percent dense UN clad 
with T-111) after 9000 hours of irradiation. 
(3) Fuel cracking was first observed in the midtest (after 6000 hr) examination of the 
U02 pins and in final examination (after 10 450 hr)  of the pins containing 95 percent dense 
UN. Neutron radiography on completion of irradiation indicated more extensive cracking 
of U02 pellets than of UN pellets. Fuel cracking was mostly transverse in the U02 pel- 
le ts  and longitudinal in the UN pellets. 
Qualitative information obtained from the neutron radiographs is summarized as 
(1) No cracks were observed in the cladding of fuel pin 12 (95 percent dense UN clad 
Out-of -Reactor Tnermal Controls 
Six weeks after the irradiation of a pin was started, an identical unirradiated pin 
2 was placed in a high vacuum ( 1 . 3 ~ 1 0 ~ ~  N/m (lo-' torr)) furnace and subjected to a ther-  
mal  history approximating that of the irradiated pin. The thermal conditions of these 
tests differed in some respects from those experienced by the irradiated fuel pins. Be- 
cause the fissioning process produces heat internally in the fuel,  a temperature drop of 
about 125' C exists across  the radius of the irradiated fuel pellet. This was  not repro-  
duced in the out-of-reactor thermal testing in which heat was supplied by external radia-  
tion heaters. Also, the irradiated fuel pin was exposed to a NaK environment rather than 
to the vacuum environment of the thermal simulation pin. And the cooling ra te  of the 
thermal simulation pin w a s  slower than that of the fuel pin in the reactor during shutdown. 
These tests, however, are believed to  adequately simulate the potential effects of any 
cladding aging effects, cladding-liner reaction, liner -fuel reactions, or of any reactions 
between the cladding and products originating from thermal decomposition of fuel. 
Capsule Disassembly 
..ZL..- L*, .~.-%.,-. 
Llle Lap,bu!e ir:-sdi&iti.=n x c ?  neutrnn radingraphv were completed. the three 
capsules were transferred to the Oak Ridge reactor hot cells. The lead tubes were 
sheared about 15 centimeters (6 in. ) above the top stainless steel  thermocouple feed- 
through. All gas  lines and thermocouples were crimped and sealed with epoxy cement. 
The capsules then were transported to the Oak Ridge High Intensity Radiation Level 
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Examination Laboratory for further disassembly and nondestructive examination of the 
fuel pins. 
out cutting the thermocouples o r  the gas  lines. This left the NaK containment vessel 
(Cb-1Zr) intact for a visual inspection for leaks or  other gross  changes (e. g.  , deforma- 
tion, oxidation, or corrosion) which could have affected the operating characterist ics of 
the capsule during the irradiation tests. The NaK containment vesse ls  were then photo- 
graphed, and diametral measurements were made using opposing dial gages. No unusual 
changes were noted. 
The containment vessels  were emptied of NaK by cutting off the bottom of each vessel  
and blowing the NaK out with purified argon. Then the vessels  were immersed in mer -  
cury to remove the remaining NaK by amalgamation. Mercury was used rather  than 
anhydrous liquid ammonium or an alcohol for removing the NaK to minimize the r i sk  of 
hydrogen embrittlement of the T-111 (ref. 21). After two washings in clean mercury the 
top of each vessel w a s  cut off and the fuel pins were removed and immersed in mercury.  
After the fuel pins were removed from the last wash of mercury,  they were found to be 
coated with a very light white film which w a s  assumed to be  oxides of potassium and/or 
sodium. The pins which had no visible cracks were rinsed with distilled water to remove 
this film and then immediately dried. Photographs of representative posttest fuel pins 
a r e  shown in figure 5. 
The T-111 positioning extension at the lower end cap of each of the three pins in cap- 
sule UN-4 were broken off during removal from the NaK containment vessel. Because of 
the care  taken in NaK removal, this w a s  taken as evidence that the T-111 cladding was 
brit t le in the as-irradiated condition. 
The two outer containment vessels  (Zircaloy and stainless steel)  were remaved with- 
FUEL PIN EVALUATION 
While the preliminary examination of the irradiated fuel pins w a s  performed at 
ORNL, the more detailed evaluation w a s  done at the NASA Plum Brook Reactor Facility 
Hot Laboratory. The evaluation included the following: 
(1) Visual examination 
(2) Measurement of cladding diameter and fuel pin weight 
(3) Helium mass spectrometer leak checks 
(4) Fission gas measurement and analysis 
(5) Axial gamma scanning for fuel burnup profile 
(6) Fuel burnup by isotopic measurement 
(7) Measurement of fuel cylinder diameter 
(8) Cladding ductility measurements 
(9) Fuel density measurements 
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(10) Visual observations such as liner cracks,  fuel redistribution? and appearance 
(11) Metallography of fuel and cladding 
The pins were leak checked, weighed, and dimensionally measured. However, the 
other tests were performed only on selected specimens. One representative fuel pin 
from each of the four fuel-cladding combinations tested was selected for this evaluation. 
These were as follows: 
of end spacers  
Fuel pin 11: T-111 and 85 percent dense UN 
Fuel pin 14: T-111 and 95 percent dense UN 
Fuel pin 17: T-111 and 95 percent dense U02 
Fuel pin 18: Cb-1Zr and 95 percent dense U 0 2  
The corresponding thermal control pins were evaluated similarly.  The remaining 
fuel pins were shipped to ORNL for storage in the event that there is interest  in  eval- 
uating these at some later t ime. The following sections summarize the general proce- 
dures  used in these evaluations and the resul ts  obtained. 
Fuel Pin Weight and Dimensional Measurement 
Each fuel pin was examined visually for possible damage from shipping and then 
weighed to a precision of *5 milligrams. These weights, adjusted to include the cal-  
culated weights of the broken extensions, a r e  compared to  the preirradiation weights in 
table V. The weight changes are considered negligible except for pins 12 and 14 which 
confirm the penetration of the cladding by NaK. 
Preirradiation dimensional measurements of the fuel pins were made with precision 
micrometers.  The resul ts  a r e  presented in appendix B. Postirradiation measurements 
were made with a profilometer consisting of opposing dial gages calibrated with a 0.9538- 
centimeter - (0.3755 -in. -) diameter stainless steel standard cylinder. These measure-  
1 ments were checked with an optical gage. The measurements of the fuel pin diameters 
were made at 1. 27-centimeter (0. 5-in. ) intervals along the longitudinal axis starting 
1.27 centimeters (0 .5  in. ) from the top end. Measurements were made at 0' and 90' 
orientations. 
tor  face.)  
ruptured (pins 12 and 14), the diameter changes were less than the 1 percent s t ra in  goal 
established for rnis iuel  piii c?cs;gz. Since + h ~  prnfilometer measurements could be 
plotted to show the fuel pin cladding wall profiles (diametrically opposite each other),  
measurements of radial cladding changes on the wall of a cracked fuel pin directly oppo- 
site the crack could give an estimate of the amount of cladding strain present when the 
(The 0' orientation corresponds to the side of the pin closest to the reac-  
The diameter changes a r e  shown in figure 6. Except for the two pins which were 
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crack occurred. These measurements were made, and it was estimated that fuel pin 14 
cracked at about 1. 5 percent diametral strain.  
Helium Mass Spectrometer Leak Tes ts  
All of the fuel pins, except for pins 12 and 14 (both of which were 95 percent dense 
UN clad with T-111) which had obvious cladding cracks,  were leak tested with a helium 
mass  spectrometer. Each fuel pin was placed in a vacuum-tight pressure vessel .  The 
vessel was evacuated and then pressurized with helium to 2 . 8 ~ 1 0  newtons per  square 
meter (40 psi) gage pressure for several  minutes. The pin w a s  transferred to another 
vessel  which then was  evacuated. When the pressure was reduced to about 6.6X10 
newtons per square meter (50 to r r ) ,  the gas  in the vessel  was checked with a helium 
mass  spectrometer. Two clean, polished rods  similar in s ize  to  the fuel pins were used 
as "no leak" standards to check the procedure. The leak testing resul ts  a r e  presented 
in table V. 
The weight measurements made before and af ter  irradiation (table V) confirm that 
no NaK had penetrated the cladding of any of the fuel pins except pins 12 and 14 (T-111 
and 95 percent dense UN) which were known to have cracked claddings. There were no 
cladding openings large enough to allow NaK to enter any of the other seven fuel pins. 
5 
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Fuel Pin Puncture and Disassembly 
Prior  to puncturing the fuel pins for fission gas measurement and sampling, a 
gamma scan was run on each of the fuel pins selected for the extensive examination. The 
scan was used in conjunction with isotopic burnup analysis to obtain an axial burnup pro-  
file. This is described later in the Burnup Analysis section. 
uum chamber. The fuel pin cladding was punctured into the void space above the top fuel 
pellet, This puncture w a s  about 0 ,97 centimeter (0. 37 in. ) below the top of the upper 
end cap. The calculated fuel pin gas  pressures  and calculated percent fission gas re- 
leased from the fuel for each of these three pins a r e  presented in  table VI. These data 
show high fission gas re lease from the U 0 2  fuel and relatively low release from the UN. 
For  disassembly the fuel pin was  clamped inside a spli t  Cb-1Zr block which is 
drilled to hold and position the pin. The block and the fuel pin were then cut with a power 
hacksaw. The saw was operated for  10 seconds and then stopped for 50 seconds t o  avoid 
heating the block and the fuel pin excessively. 
Fuel pin 11 (T-111 and 85 percent dense UN) was the first to be disassembled. Both 
end caps were sawed off, and an  attempt was made t o  remove the fuel pellets by gently 
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Each fuel pin, except pin 14 (T-111 and 95 percent dense UN), was sealed in a vac- 
tapping one end of the fuel pin while it was in a vertical position. The fuel pellets could 
not be removed in this manner. The fuel pin w a s  then cut through the axial midpoint and 
four 0.6-centimeter - (0.25-in. -1 wide rings of cladding and fuel were cut from the two 
pieces. Two samples were cut from each side of the midaxis cut. The sample closest 
to the top of the pin was labeled 1, and the sample closest to the bottom of the fuel pin 
was labeled 4. The four samples composed the center 3.17-centimeter (1.25-in. ) sec-  
tion of the fuel pin. Samples were then cut from fuel pins 14, 17, and 18 in  the same 
manner. Some of the severely cracked U 0 2  fuel fell apart  during the sawing operation. 
Each sample was stored in a vial which was placed in a dessicator under an argon 
atmosphere. 
The four samples from each fuel pin were used as follows: 
Sample 1: Fuel density and cladding ductility tests 
Sample 2: Fuel burnup and cladding ductility tests 
Sample 3: Spare fuel and cladding - not examined 
Sample 4 : Metallographic examination of both fuel and cladding 
Burnup Analysis 
Axial burnup profiles were determined for each of the four fuel pins. Pr ior  to d is -  
assembly, a gamma scan was run along the axis of each fuel pin. The gamma scan fa- 
cility incorporated a high resolution germanium-lithium drifted diode detector. A col- 
limator with an adjustable slit (varied in width from 2. 54 to 0.254 cm (1 to 0 . 1  in. )) pen- 
etrated the wall of the hot lab cell. The pin being scanned was positioned in a chuck to 
allow rotation and linear axial movement of the sample being scanned. Fo r  the four pins 
which were examined, the collimator slit width was 0.254 centimeter (0. 1 in. ), and the 
relative burnup along the axis of each pin was  determined by measuring gamma radiation 
from Cb-95. The scan of Cb-95 gamma intensities was calibrated by means of a mass 
spectrometer analysis of a sample of fuel from each pin. The absolute value of the burn- 
up at the location of the sample was calculated by determining the amount of neodymium- 
148 and the U-235 to  U-236 ratio. 
A typical axial burnup profile is presented in figure 7 (for fuel pin 11). The burnup 
values, calculated from the heat generation values measured with the calorimeters,  and 
the average of measured burnup values for all four pins are given in  table VZI. Compar- 
ing the calculated and measured values shows close agreement for some pins (such as 
IUI L U G ~  :I) ?xt 1 r g e  differences for others (such as for fuel pin 17). The measured 
values are taken to be more accurate than the calculated values. 
_c--  c -1 .-:- 
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Cladding Ductility Tests  
mens were found to be brittle in the as-irradiated condition. The two T-111 specimens 
from the UN-fueled pins were ductile after a 1-hour heat treatment at 1040' C in a vac- 
uum furnace. But the T-111 cladding from the U 0 2  fueled pin (pin 17) remained brittle. 
Metallographic Examination of Cladding 
A sample from each of the fuel pins was examined by optical metallography for  
structural changes, reactions, and cracks in the cladding or l iner.  The etchants used 
a r e  the following: 
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I Etchant 1 I Material  
Tungsten 
T-111 
Cb-1Zr 
UN 
U 0 2  
Murikam i I s  
30 g NH4.HF2 
50 ml HN03 (71 percent)  
20 ml H 2 0  
30 ml glycerine 
30 ml HN03 (71 percent )  
10 ml H F  (49 percent)  
60 ml lactic acid (85 percent) 
24 ml HN03 (71 percent)  
2 ml  H F  (49 percent) 
10 ml H2S04 (95 percent)  
90 ml H202 (30 percent)  
The cladding from the four fuel piris showed EO major structlira! change a s  rompared 
to the unirradiated cladding. The grain size of the T-111 and Cb-1Zr both before and 
after irradiation ranged from ASTM grain s ize  5 to 6 (0.05 to 0.77 mm diam). No r eac -  
tions between either the fuel and cladding o r  the liner and the cladding a r e  visible in the 
photomicrographs of the T - l l l i U N  fuel pins (pin 14 o r  11, see  figs. 9(a) and (b)). But 
slight erosion of the cladding was observed in both of the U 0 2  fueled pins: figures 10 
and 11 show sections of cladding from fuel pins 17 (T-111 and 95 percent dense U 0 2 )  and 
18 (Cb-1Zr and 95 percent dense U 0 2 )  where the liner was cracked. A very slight layer 
(less than 0.0003 cm thick) is visible on the inner surface of the Cb-1Zr cladding in fig- 
ure  11. This may be  vapor transported fuel o r  solid fission products. 
The crack in the T-111 cladding of fuel pin 14 (T-111 and 95 percent dense UN) 
(shown in figs.  1 2  and 13(a)) appears to be an intergranular crack. A second crack, 
which initiated at the inside of the cladding but did not propagate all the way through the 
cladding, is shown in figure 13(b). 
Microstructure of Fuel 
Figure 14 shows etched microstructures of the three types of fuel (85 and 95 percent 
d ~ x e  VN rtx! 95 p e r c e ~ t  ? P ~ S P  TTC),! in the unirradiated aged condition. Unetched photo- 
micrographs of the UN fuel from irradiated fuel pins 11 (T-111 and 85 percent dense UN) 
and 14 (T-111 and 95 percent dense UN) a r e  shown in figures 15 and 16. In figure 16 the 
large grains of the irradiated 95 percent dense UN a r e  outlined with fission gas bubbles 
z 
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(see ref. 7). The larger  voids a r e  as-fabricated porosity. Grain delineation by fission 
gas bubbles w a s  not visible in the irradiated 85 percent dense UN (fig. 15). Figures 17 
and 18 show the same UN specimens that a r e  shown in figures 1 5  and 16 but in the etched 
condition. Some unidentified second-phase particles were visible in the 85 percent dense 
UN (fig. 17). These particles a r e  very fine (-0. 08-mm (0.0012-in. ) diam) and are 
sparsely distributed. It is possible that this phase consists of oxide particles formed in 
the fabrication of the pellets - although none were observed in  the thermally aged sample 
(see fig. 14(b)). No second phase was  observed in  the larger grained 95 percent dense 
UN fuel (see fig. 18). 
no lenticular voids or columnar grains which would result from the movement of voids up 
a temperature gradient. 
The U 0 2  fuel from pins 17 (T-111 and 95 percent dense U 0 2 )  and 18 (Cb-1Zr and 95 
percent dense U 0 2 )  showed essentially the same features as the UN fuel (i. e . ,  no grain 
growth, no lenticular voids, and no columnar grains). However, figure 19 shows a c ros s  
section of a U 0 2  fuel cylinder from pin 18  (Cb-1Zr and 95 percent dense U02).  It is ap- 
parent that the number of voids increased toward the axial centerline of the pellet. These 
voids may be from grain pullout suggesting weak grain boundaries (possibly from accu- 
mulation of fission gas), or they may resul t  from the movement of voids up the temper-  
ature gradient. This gradient of void concentration w a s  not observed in the irradiated 
low density UN (see fig. 20) or in the irradiated high density UN. 
There w a s  no grain growth of the UN fuel in either of the two pins. And there were 
Fuel Density Measurements 
Density measurements were made on irradiated UN fuel from pins 11 (T-111 and 85 
percent dense UN) and 14 (T-111 and 95 percent dense UN) by immersion in carbon te t ra -  
chloride (CC14) employing a Westphal balance. For  porous UN, measurements with a 
mercury pycnometer would have been preferable to CC14 immersion (which tends to give 
values which are too high), but the necessary mercury pycnometer apparatus was not 
available in  the hot cells. The density of the UN also was  calculated from the diameter 
and weight of preirradiated and postirradiated fuel assuming isotropic swelling behavior. 
These density values would tend to be too low i f  there  a r e  cracks in the fuel. 
These two methods of density measurement, considering that the irradiated UN pel- 
lets were cracked and that the 95 percent dense UN probably also contained intercon- 
nected porosity in the grain boundaries, gave qualitative information. But since one 
method would tend to  give high density resu l t s  (CC14 immersion) and the other would tend 
to give lower density readings, the resu l t s  should bracket the actual density values for 
the irradiated fuels. 
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The density determinations for the UN pellets a r e  listed in table M. The density of 
the high density fuel (from pin 14) decreased considerably. This is probably due to the 
collection of the fission gases  in  the closed porosity and the resultant swelling of the fuel. 
Conversely, the density of the lower density fuel (from pin 11) remained at about the 
same level. In this case the porosity in the as-fabricated fuel was largely interconnected 
and thereby offered an easy route for release of the fission gases  generated or for local 
accommodation of the swelling fuel. Density measurements were not made on irradiated 
U 0 2  because the U 0 2  cylinders crumbled into small pieces when an attempt was made to 
remove them from the fuel pins. 
Thermal Simulation Pins 
The visual appearance of the eight thermal simulation pins was unchanged by testing. 
When leak checking with a helium mass spectrometer none of these pins were found to  
cmtain leaks. A description of the thermal simulation pins is presented in table II. 
Four of these pins were examined for possible effects of t‘neriiial agir,g o r  thermal cy- 
cling to establish a baseline against which irradiation effects could be compared. These 
four thermal simulation pins were identical to the four irradiated pins examined in detail. 
The possible changes looked for in these thermal control test pins were (1) fuel and clad- 
ding microstructural changes, (2) fuel liner cladding reactions, and (3) fuel sintering 
from long-time exposure at the design concept operating temperature. 
The four thermal simulation pins examined were designated S-7, S-8, S-17, and 
S-18. The examination consisted of the following: 
(1) Dimension of the cladding 
(2) Weight of the fuel pins 
(3) Fuel pellet weight 
(4) Fuel pellet dimensions 
(5) Fuel pellet density (calculated from weight and dimensions) 
(6) Cladding ductility tests 
(7) Oxygen, nitrogen, and hydrogen analyses of cladding 
(8) Optical metallography 
All eight fuel pins were weighed to *O. 0005 gram, and their diameters measured to 
*O. 0005 centimeter (4.0002 in. ). The pretest  dimensional measurements for the UN 
fueled simulation pins and the measurements of the dimensions of the U 0 2  fueled pins 
were made by two different observers. All ;;f t h ~  re?.!ingsi hoth metes t  and posttest, 
were made with precision micrometers calibrated against standards. The measurements 
are presented in appendix C. 
about 0.317 centimeter (0.125 in. ) below the end cap closure weld. The end cap was then 
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The top end cap of each fuel pin w a s  removed by cutting through the cladding wall 
removed from the pin, and the internal pa r t s  of the pin were removed, packaged in g lass  
containers, and labeled. 
eter and length. The fuel pellet dimensional measurements agreed to within 0.0013 cen- 
timeter (0.0005 in. ) on the average. The weight measurements of the pretest  and post- 
test conditions agreed to within 0. 002 gram. Density measurements for each fuel pellet, 
calculated from the posttest dimensional and weight measurements, were in agreement 
with the pretest densities to within 0. 2 percent. 
Four 0.64-centimeter- (0. 25-in. -) wide rings of cladding were cut with a hacksaw 
from each fuel pin, and the cut surfaces were filed to  remove all b u r r s  and cutting marks.  
The filed surfaces then were dry sanded with silicon carbide paper through 600-grit 
paper. One of these rings from each fuel pin w a s  crushed in a vise in humid air (-50 
percent relative humidity). 
flattened. The Cb-1Zr ring flattened completely without cracking. Another prepared 
ring from each fuel pin was crushed in a vise in a dry argon atmosphere. All of these 
rings flattened completely without cracking. Two extra rings from each fuel pin were 
retained in case further ductility tes t s  were required. 
gen, and nitrogen. The samples, in preparation for analysis, were degreased and the 
tungsten liner was removed. The oxygen and nitrogen were determined using an  iner t  
gas  fusion analyzer. The hydrogen was determined by vacuum fusion analysis. The pre-  
test and posttest interstitial concentrations are listed in  table X. It appears f rom the 
data that more oxygen contamination was picked up by the cladding from the U 0 2  fuel than 
from the UN fuel in these tes ts .  About the same amount of nitrogen was picked up by the 
cladding in the case of both fuels. The apparently higher contamination level of oxygen in 
the Cb-1Zr (on a weight percent basis)  is due in part  to the lower density of this metal as 
compared to the T-111. 
The aged 
cladding (fig. 21) and fuel (fig. 14) both appear as expected from previous observations 
for  aged cladding and aged fuel. 
Each fuel pellet was weighed, and its dimensions were measured ac ross  the diam- 
All of the T-111 rings cracked before they could be fully 
One sample of cladding material from each fuel pin w a s  analyzed for oxygen, hydro- 
Metallographic examination revealed no unusual change in microstructure. 
DISCUSSION OF RESULTS 
Fuel Pin Diametral Strain 
Table XI summarizes the cladding diametral  s t ra ins  and the calculated burnups for  
all nine irradiated fuel pins. 
and 18. ) These resul ts  indicate that three of the  four fuel/cladding combinations tested 
(The measured burnup also is given for pins 11, 14, 17, 
18 
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swelled less than the 1 percent strain limit and show promise for uBe in long-life 
reactors. 
The T-111 cladding of the four fuel pins containing 85 percent dense UN (pins 10, 11, 
' 13, and 15) was diametrally &rained less than 0 . 5  percent at burnups nearly equivalent 
1 to that of the reactor design concept enddf -life value (-3 at. s). The fuel pins contain- 
i ing 95 percent dense U 0 2  (pins 16, 17, and 181, at burnups of approximately 2 atom per- 1 cent, exhibited somewhat greater diametral swellbg than the 85 percent dense UN fuel 
pins. But the diametral swelling of the U02 pine also met the general goal of a 1 percent 
maximum strain limit with either T-111 or Cb-1Zr claddirrg. 
The diametral increaees in pins cimtaining 95 percent dense UN fuel (pine 12 and 14) 
were larger than expected. Calculations of fuel pin swelling, using the CYGRO-P analyt- 
ical model (ref, 221, and the best available physical and mechanical property data pre- 
dicted a maximum diametral strain of approximately 0.3 percent for a T-111 clad 95 per- 
cent dense fuel pin after 50 000 houre of irradiation to a burnup of 2.6 percent. However, 
both of these fuel pine swelled diametrally at least 1.5 percent before cracking. This 
large discrepancy between the calculated strain value and the experimental strain value 
could be due to the w e  of physical properties data (e. g. , fuel thermal conductivity or 
fuel surface tension) or mechanical properties data (e. g. , fuel creep, cladding creep) 
which may not be correct or may be afitcted by the irradiation environment to such an 
extent that the data measured may not be valid for the conditions of this test. 
sizable diameter increase after the cracking occurred - probably from unrestrained fuel 
swelling. Thus, it is important to know the diametral strain on the cladding when the 
crack initiated. This was estimated in two different ways. The axial profile of the out- 
side of the cladding of fuel pin number 14, diametrically opposite the crack, was traced 
with a dial gage and W profile was plotted. The largest increase in radius was assumed 
to be repreeentative of the average strain of the cladding at that axial point when the 
crack occurred. The merreured value of cladding strain from this grofile was 1.5 per- 
cent. A1t.0, the crack wMth wa8 measured (fig. 12), and the increase in diameter of the 
fuel pin cla,.iding due to *e opentng of the crack alone wae calculated. This value wa8 
then subtractsd from tbe measured diametral increase to give the cladding diameter with 
I 
T b  postirradiation diametral increases measured for the cracked fuel pins include a 
: the crack completely ClOSed. The strain value when the crack initiated, as determined 
, by this method, was 1.9 percent for fuel pin 14. 
; 
I 
These estimates of cladding strain at the time the cladding cracked show that the 
cladding material ("-111) for the cracked pine exceeded the design concept goal of a max- 
imum of 1 percent strain after SO OOO hours of irradiation. The cladding was probably 
strained at lea& 1.5 percent before cracking which was aswmed to have occurred at ap- 
proximtely 8500 hours of irradiation. (As pointed out earl*.er, fission gas was detected 
in capsule UN-5 at about 8500 houre after irradiation was star'rsd). The cracking of the 
T- i i i  ciariding on ine 95 percent denae UN fuel pine ir believed io  !!am ocarred becaue 
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I 
I 
i 
of excessive fuel swelling coupled with embrittlement of the T -111. Although embrittled, 
the T-111 cladding of pins containing 85 percent dense UN was not strained enough to 
cause cracking, probably because of the lower density and lower compressive creep 
strength of the fuel which allowed release of the fission gases and/or internal creep of 
the fuels. 
Cladding E mbrittlement 
Previous studies (e .g . ,  ref. 21) indicate that very small bulk concentrations of hy- 
drogen ("2 ppm by weight) are sufficient to reduce the room temperature ductility of 
T-111 from values of over 25 percent tensile elongation to very low values if the T-111 
has been aged for t imes in  excess of 1000 hours at about 1040' C .  This was confirmed 
in this present s e r i e s  of tests by the thermal simulation fuel pin cladding ductility tests. 
These indicated T-111 sensitivity to hydrogen embrittlement as evidenced by the brittle 
fracture of test specimens in humid air and complete ductile behavior when strained in 
dry argon. 
when strained in the as-irradiated condition in dry argon. All T-111 cladding samples 
from fuel pins which contained UN regained their ductility after a 1-hour vacuum anneal 
at 1040' C. The vacuum annealing was done to  remove the hydrogen from the cladding 
samples. The hydrogen in the cladding is thought to have originated from the known reac -  
tion of neutrons with the nitrogen in  the UN fuel, { N14(n,p)C14}. A sample calculation of 
the amount of hydrogen expected from this source is outlined in appendix D. The amount 
formed, equivalent to 5.0 ppm by weight, is sufficient to embrittle the T-111. The cold 
stainless steel containment vessel  of the irradiation capsule prevented the escape of hy- 
drogen generated within the capsule. This hydrogen was then absorbed by the T-111 on 
cooling. Direct irradiation damage of the cladding at these fluences by thermal neutrons 
would be expected to  be slight, and it is not expected that such damage would be annealed 
out a t  the relatively low temperature (1040' C) used in the hydrogen removal vacuum heat 
treatment. 
The T-111 cladding from the fuel pin containing the U 0 2  fuel was brittle in both the 
as -irradiated and vacuum annealed conditions, But the cladding from the companion 
thermal simulation pin was  ductile. Therefore, the cause for the embrittlement of the 
irradiated cladding w a s  probably something other than hydrogen. The T-111 may have 
been contaminated b y  the U 0 2  fuel (which could have been brought t o  the cladding by 
vapor phase transport) to form oxides of tantalum and hafnium and perhaps free uranium 
in the cladding during the irradiation. Embrittlement of T-111 by oxygen doping at tem- 
peratures between 850' and 1000° C has been shown to occur (ref. 23) .  The em-  
brittlement may also have been due to fission products contaminating the cladding - 
All irradiated T-111 cladding was brittle with diametral s t ra ins  of 1 percent or less 
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this is considered l e s s  likely than oxygen transport. The Cb-1Zr from the U02 fuel pin 
was  ductile in both the as -irradiated and vacuum annealed condition. 
irradiated and thermally aged fuel pin cladding show the following under the conditions of 
these tests:  
(1) There w a s  no observable reaction between the T-111 cladding and the nitrogen in 
thermal equilibrium with the UN fuel or released during the fissioning of the UN fuel. 
(It has been found (ref. 24) that 500 ppm by weight of nitrogen is necessary to embrittle 
T -111 at room temperature. It is assumed that nitrogen pickup w a s  l e s s  than this value. ) 
(2) There was a reaction between the T-111 cladding and either fission products or 
U 0 2  fuel which may have been transported to contact the cladding (vaporization and con- 
densation, or extrusion through tungsten liner cracks). This reaction has caused the 
cladding to be brit t le at room temperature. 
(3) There w a s  no noticeable reaction between the Cb-1Zr cladding and either the U 0 2  
fuel fission products o r  fuel which may have been transported to contact the cladding. 
The embrittlement resul ts  which a r e  attributed to hydrogen a r e  a consequence of the 
test  design and not the reactor design concept. The design of the test capsule is such 
that the hydrogen is retained within the capsule as it is generated and then it can be  get-  
tered by the T-111 as it cools. In the actual space power reactor concept, the hydrogen 
could not accumulate because it would permeate through the hot T-111 cladding into the 
lithium coolant loop and then through the hot T-111 pressure  vessel  and pipe wal ls  and be  
lost in the vacuum of space. The test  conditions then, as related t o  the hydrogen envi- 
ronment of the fuel pins,  a r e  not fully representative of the actual operating conditions of 
the reactor concept. Thus, i t  is likely that the T-111 embrittlement encountered in these 
tests would not be  a problem in the actual space power reactor systems. 
In general, the resul ts  of the ring expansion tests (cladding ductility tests)  of both 
UN Fuel Density Effects 
All of the UN fueled pins were designed to have the same smear  density of fuel with- 
in the pin regardless  of the density of fuel contained within the pin. The smear  densities 
of the two different densities of fuel were equalized by including a central axial hole of 
appropriate s i ze  in the 95 percent dense UN pellets. Total fission gas generation should 
have been equivalent for the UN fuel pins of different fuel densities but equal burnups. 
However, the amount of fission gas released from porous and dense fuel would be ex-  
pected to be  different. No fuel pin gas volume measurements were made of the gases  in 
the 95 percent dense U N  fuel pins ajter testing LeciiUse the cladding of 33th I)~T?E w?s 
cracked and the fission gases  released from the fuel were lost during the irradiation. 
However, information from another fuel irradiation program (ref. 6) indicates about 2 
percent projected fission gas release at comparable burnups for 95 percent dense UN 
2 1  
fuel under the conditions of this test. Also, calculations made during the latter part  of 
the irradiation tes ts  (based on the NaK cover gas activity and the capsule internal volume) 
indicated a fission gas release of less than 0 .01  percent. (These calculations were ap- 
proximate in nature and may have been in  e r r o r .  ) A gas volume measurement was made 
of the gas in the 85 percent dense UN fuel pin (pin ll), and the fission gas  re lease was 
calculated to be 4 . 3  percent. This difference in fission gas  release is consistent with 
the hypothesis previously made to explain the greater  swelling of the high density fuel. 
cumferential cracks in both types of UN fuel. These may have propagated from very 
small  circumferential cracks which were typical of those in as-fabricated fuel pellets 
prepared by the uniaxial dry pressing technique. Improvements in fabrication techniques 
developed after these pellets were fabricated could eliminate these small  flaws in future 
pellet fabrication (ref.  17). In addition to these small  transverse (circumferential) 
cracks,  the 95 percent dense UN fuel contained longitudinal cracks which probably re- 
sulted from fuel swelling due to entrapped fission gases.  
The most important comparison between the two types of fuels is that both fuel pins 
containing 95 percent dense UN fuel developed major cladding cracks during irradiation 
while none of the 85 percent dense UN fuel pins developed cladding cracks.  Also, the 95 
percent dense fuel pins apparently underwent diametral cladding s t ra ins  prior to cracking 
as much as three t imes greater than the cladding s t ra ins  produced in the 85 percent 
dense UN fuel pins at the end of irradiation. From figures 16 and 17 it may be inferred 
that the fission gases  retained in  the fuel during irradiation may have been accommodated 
more easily by the 85 percent dense UN fuel than by the 95 percent dense UN fuel. The 
grain boundaries in the 95 percent dense UN fuel clearly contained fission gas  bubbles 
(fig. 16). In the 85 percent dense UN no fission gas bubbles were observed in the grain 
boundaries (fig. 17). Apparently the fission gases  in  the lower density fuel are either 
within the grains or have migrated into the open porosity, perhaps by way of the grain 
boundaries. Thus, it is likely that the distributed porosity in the lower density UN leads 
to greater re lease of fission gases and/or local accommodation of fuel swelling and the 
resulting transmission of l e s s  s t r e s s  to the cladding. 
It is concluded that the 85 percent dense UN offers more promise for successful de-  
sign of a fuel pin for the reactor concept under consideration than does 95 percent dense 
UN . 
Cracking occurred in the fuel pellets of both densities of UN fuel. There were c i r -  
Comparison of UN and U 0 2  
The UN itself did not contaminate the T-111 cladding nor degrade it under the con- 
ditions of this test .  It appears that the U 0 2  contaminated the T-111 cladding in fuel pin 
number 17 (T-111 and 95 percent dense UO,), since the loss  of ductility occurred during 
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the irradiation and the ductility could not be restored by outgassing in vacuum at 1040' C. 
It appears that some reaction of the U 0 2  occurred with the cladding where there  were 
tungsten liner cracks (see fig. 10). Also, contamination of the cladding with oxygen, ap- 
parently from the fuel, was noted in the companion thermal simulation test pins. 
Both the UN fuel and the U 0 2  fuel cracked during irradiation; however, the U 0 2  fuel 
showed more severe cracking and the cracking occurred ear l ier  in the irradiation test 
for the U 0 2  than for the UN pins. Not only did the U 0 2  crack more severely during ir- 
radiation., but it crumbled when fuel removal was  attempted during fuel pin disassembly. 
Figure 19 shows a t ransverse section of an intact portion of U 0 2  from fuel pin number 18 
(Cb-1Zr and 95 percent dense U02) .  This photomicrograph shows a gradient of voids 
along the radius of the fuel pellet. These voids may be due to either grain pullout or fis- 
sion gas voids. If the voids result from pullout, they denote weak grain boundaries and 
suggest the reason for fuel crumbling. 
No comparison of fuel pellet swelling (including swelling into the central hole) could 
be made between the UN and U 0 2  because the U 0 2  fuel broke apart when attempts were 
made to remove samples from the cladding rings. 
great as the fission gas release from the 85 percent dense UN. At an assumed average 
fuel pin gas temperature of 990' C the internal gas pressure in fuel pin 18 (Cb-1Zr and 
95 percent dense U02)  was  calculated to be 1 . 6 6 ~ 1 0  newtons per square meter (243 psi) 
at the end of the irradiation test. This final pressure was  balanced in part by the NaK 
6 cover gas  pressure of 1.551xlO newtons per square meter (225 psi). The difference of 
1. 27x10 newtons per square meter (18 psi) between the internal and external pressure  
should not have caused an increase in diameter of the Cb-1Zr cladding. In the case of 
an actual fuel pin, however, lithium is the coolant and requires an overpressure of 
only 1.38X10 newtons per square meter (20 psi) to prevent boiling. In this case, the 
fission gas pressure over U 0 2  would become significant in stressing the cladding. 
Calculations indicate that this increase in  fission gas  pressure (0 to 1.66xlO N/m ) 
over 50 000 hours would resul t  in a Cb-1Zr cladding diametral strain greater  than 
5 percent (see appendix E for the calculations). 
rious to successful operation of the fuel pin, some method would be required to cornpen- 
sate  for the internal fission gas pressure buildup (e. g. , fuel pin venting, or cladding 
alloy strengthening). 
than either the 95 percent dense UO, or  the 95 percent dense UN under the conditions of 
the tes t s  performed in this study. The UO has problems of severe cracking, excessive 2 
fission gas re lease,  and possible cladding reactions associated with its use. Also, the 
U 0 2  is reactive with the lithium reactor coolant. To determine the possibility of using 
-- cz--:-.- i n e  l l b b l ~  gas release frnm the 95 percent dense UO, was six to eight times as 
0 
6 
5 
5 
6 2 
In order to reduce this substantial cladding diametral strain which would be delete- 
Of the three types of fuel, the 85 percent dense UN appears to be more promising 
- 
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UO as the fuel in the advanced space power reactor concept would require further test- 
ing, T-111 might have to be excluded as a cladding material, and a coolant other than 
lithium would have to be  used. 
2 
Comparison of Cladding Materials 
The irradiation tests provided a means for comparing T-111 with Cb-1Zr as the 
cladding material for  95 percent dense U 0 2  fuel pins. Figures 9 and 10 show photo- 
micrographs of the T-111 and Cb-1Zr cladding at areas where the tungsten liner had 
cracked during the irradiation test. Slight erosion of both materials is evident. Room 
temperature ductility tes t s  showed no loss  of ductility for the Cb-lZr ,  but the T-111 was 
brittle. 
During irradiation the T-111 cladding on the U 0 2  apparently was contaminated and 
its mechanical properties were changed. It is believed that the contamination was from 
vapor transported fuel which reacted with the T-111 cladding to form the oxides of tan- 
talum and hafnium and possibly free  uranium. Under the conditions of this tes t ,  T-111 
appears to be unacceptable as a cladding material for U 0 2  fuel. In the case of an actual 
space power reactor ,  it is possible that the great affinity of lithium (used as a coolant in 
the reactor design concept) for oxygen would result  in the transfer of oxygen from the 
cladding to the lithium during operation and maintain a low level of oxygen in  the T-111 
(ref. 25). However, free uranium might accumulate and damage the cladding. 
No degradation of the mechanical properties of the Cb-1Zr cladding occurred as a 
result  of the irradiation tes t ,  and the cladding diametral increase was  within the accept - 
able level. Therefore, Cb-1Zr appears to be a promising candidate as a cladding mate- 
rial for 95 percent dense U 0 2  fuel pins under these conditions. However, the presence 
of the eroded area at the tungsten liner crack in figure 11 indicates the need for  more 
testing to prove its acceptability as a cladding material. Since the Cb-1Zr cladding was 
exposed to the U 0 2  for only 8333 hours during this test, there also is the possibility that 
the erosion observed at the cladding cracks could become large enough to affect the clad- 
ding integrity after t imes up to 50 000 hours. Compatibility tes ts  with Cb-1Zr and U 0 2  
might, therefore, be needed with l iners  containing defects for t imes up to 50 000 hours 
(or under conditions which better simulate the effect of this long t e rm exposure). The 
Cb-1Zr alloy has a relatively low strength at 990' C ;  so any overtemperature operating 
conditions could result in diametral swelling of greater magnitude than was found under 
these test conditions. Also, the low strength of the alloy gives it low "growth potential" 
in relation to cladding temperature increases.  
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Comparison With Other Irradiation Tes ts  
Other fuels irradiation work at the Lewis Research Center's Plum Brook Facility 
was  carried out under conditions comparable to  those of this investigation except that at- 
tention was confined primarily to 95 percent dense UN fuel clad with T-111 (refs.  5 
and 6). Those results a r e  in general agreement with those reported here on dense UN 
clad with T-111 in the following respects: 
brittlement was attributed to sensitization of the T-111 to hydrogen embrittlement at the 
irradiation temperature and absorption by the T-111 of hydrogen formed from an n, p 
reaction with the nitrogen in the UN fuel. 
2.6 percent heavy metal atoms. 
(1) The cladding was  embrittled during the irradiation testing. The cause of the em-  
(2) Cladding cracks developed after small cladding s t ra ins  and burnups from 2 . 1  to  
(3) Fission gas  release was probably less than 0 . 5  percent (refs. 5, 6, and 8). 
(4) Significant fuel swelling occurred. 
(5) No fuel-cladding or  fission product -cladding reactions were observed with optical 
In a study conducted by ORNL (ref. 111, irradiation at about 1400' C of pins consist- 
metallography. 
ing of 95 percent dense UN clad with T-111 led to cracking of the T-111 cladding at dia- 
metral  s t ra ins  of less than l percent. The reason for cracking of the cladding at this 
high temperature has not been established and may be different than for the cracking oc- 
curring at 990' C discussed in this report. 
(ref. 13) also irradiated UN fuel pins with refractory metal claddings (primarily tungsten 
or tungsten alloys). Their interest was primarily in higher temperatures (-1200° to 
1800' C). One important conclusion of their  work was that stable interconnected porosity 
in the fuel will reduce fuel pin swelling: this is i n  agreement with the resul ts  presented 
here for lower temperature tests. 
Extensive irradiation testing of columbium alloy clad, high density UN at cladding 
temperatures from about 800' t o  1200' C (mostly between l l O O o  and 1200' C)  was carried 
out previously by Pi=att w,d Whitney Aircraft - Connecticut Advanced Nuclear Engineering 
Laboratory (PWAC - CANEL) (ref. 9) and O W L  (ref. 10). Generally the diametral 
s t ra in  for Cb-1Zr clad pins was in excess of 1 percent at fuel burnups of -2. 5 percent or  
more. But for pins with a carbon-strengthened alloy cladding (i. e. , Cb-1Zr-O.1C) tested 
in the 800' to  1000° C temperature range for times to about 10 000 hours and burnups of 
about 2 to 3 liluiii percent, the dizmetral s t ra in  was around 1 percent less.  Cracking 
of the cladding did not appear to be a problem for the columbium alloys. Therefore, 
columbium alloys could be considered for use in reactor designs that permit greater than 
1 percent fuel pin diametral strain and/or where increases in operating temperatures a r e  
Battelle Memorial Laboratories (ref. 12) and Lawrence Radiation Laboratories 
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not contemplated. The perforniance of columbium alloy clad UN pins also probably could 
be improved by using low density UN fuel with stable interconnected porosity. 
However, the use of low density UN with stable interconnected porosity and clad with 
T-111 appears to offer the best promise of meeting the advanced space power reactor 
goals aimed at in the present study. 
Comparison of Irradiation Test  and Reactor Concept Conditions 
One of the purposes of this investigation w a s  to select the most promising fuel- 
cladding combinations for further development and to identify potential problems. 
tential problems not identified in this test program may appear under actual reactor de- 
sign operating conditions. In the design of this experiment there are a number of areas 
where actual reactor conditions were not reproduced: 
(1) Accelerated burnup rates were used (acceleration factors of about 5 for UN pins 
and 6 .25  for the U02 pins). These higher rates may not have allowed enough time for  
chemical compatibility problems t o  develop as they might during 50 000 hours of 
operation. 
(2) The fast neutron fluence w a s  at least an order of magnitude less than that which a 
space power reactor would experience. The higher fluence level may have an important 
effect on the possible radiation damage (a concommittant effect on mechanical properties) 
experienced by the fuel pin cladding material. 
(3) The fuel pins were exposed to NaK rather than lithium. Lithium has been shown 
to deplete T-111 of oxygen and thereby to  decrease the creep strength of T-111. 
(4) The fuel pins i n  their NaK containers were irradiated in an inert gas atmosphere 
containing hydrogen which slowly increased in concentration over the duration of the ir- 
radiation. In an actual reactor the hydrogen produced in the fuel during operation would 
be lost to the coolant and/or the vacuum of space. Thus,  no appreciable hydrogen con- 
centrations would accumulate in the fuel pins. 
Po- 
To more closely reproduce the actual r ea r to r  concept conditions, future fuel pin ir - 
radiation testing should b e  done in a fast -flux test  farility. A l s o ,  the irradiation capsule 
design should incorporate a means for removing hydrogen during irradiation (e. g .  , get- 
tering with zirconium. sweeping with inert g a s .  o r  a permeation membrane). 
tests (e. g. , Compatibility. irradiation. mc~rhanic.al p~.opei-t ies) should be run for the de- 
sign life of 50 000 hours in lithium. 
space power reactor i s  actually needed. 
Ideally, 
This suFg(isls that work  should begin long before a 
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CONCLUSIONS 
Nine refractory-metal-clad fuel pins containing either UN or  U 0 2  fuel were Lrra- 
diated at a cladding temperature of about 990' C for times from 8333 to 10 450 hOurs and 
burnups from 1.76 to 3.11 heavy metal atom percent in the Oak Ridge reactor,  Also, 
eight fuel pins were heated out-of-reactor as thermal controls. After preliminary ob- 
servations of these pins, four of the irradiated and four of the corresponding thermal 
control fuel pins were evaluated as described in this report. The four irradiated pins 
and thermal control pins consisted of (1) 95 percent dense cylindrical UN compacts (with 
an axial hole) clad with tungsten-lined T-111, (2) 85 percent dense UN compacts clad with 
tungsten-lined T-111, (3) 95 percent dense U 0 2  compacts (with an axial hole) clad with 
tungsten-lined T-111, and (4) 95 percent dense U 0 2  compacts (with an axial hole) clad 
with tungsten-lined Cb-1Zr. Evaluating the irradiated fuel pins and comparing them to 
the thermal control pins led to the following major conclusions: 
greatest  promise of meeting the 50 000-hour life goal for the fuel pin design concept with 
i pei.ceiit 1 ~ ~ 3  --- uI.aLIaAucL -~:-mn+~l pladrling .,_I______- strain. High density (95 percent dense) UN resulted 
in s t ra ins  of about 1 .5  percent or more and cladding cracks under the same test 
conditions. 
2. The U 0 2  fuel exhibited acceptably low levels of swelling in these tests. However, 
U 0 2  does not appear attractive for this fuel pin design concept because of excessive 
cracking of the fuel, high fission gas  re lease (-30 percent compared to -4 percent for 
porous UN fuel), and reactions with T-111 and possibly with Cb-1Zr. 
3. Embrittlement and cracking of the T-111 cladding of the UN fuel pins occurred 
under the irradiation test conditions used in this study. This embrittlement is thought to 
be caused primarily by sensitization of the T-111 to hydrogen embrittlement because of 
thermal aging and generation of hydrogen by the (n,p) reaction with nitrogen in the UN 
fuel. A s t ra in  of about 1. 5 percent caused cracking of the hydrogen embrittled T-111 
cladding. 
reactor because hydrogen will be lost by permeation through the hot reactor containment 
vessel. ) 
4. The Cb-1Zr exhibited less chemical compatibility problems than T-111 as a fuel 
cladding material. Therefore, Cb -1Zr should be investigated as an alternate cladding 
material  for porous UN fo r  fuel pins limited to cladding temperatures below about 990' C 
1. Low density (85 percent dense) UN fuel clad with tungsten-lined T-111 shows the 
(The problem of hydrogen embrittlement is not expected to occur in an actual 
Lewis Research Center,  
National Aeronautics and Space Administration, 
Cleveland, Ohio, January 29, 1975, 
501-21. 
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APPENDIX A 
TEST FUEL PIN ASSEMBLY PROCEDURE 
Both the irradiation test fuel pins and the thermal simulation pins were assembled 
(1) Thorough cleaning (degreasing and chemical cleaning) of all metal components 
(2) Gas tungsten a r c  welding of bottom end cap to cladding tube (sample weld also 
(3) Inspection of welds including visual inspection, helium mass  spectrometry leak 
(4) Insertion of liners and loading of fuel pins with fuel and spacers 
(5) Inspection of exterior of fuel pins for fuel contamination (cleaned by alcohol 
(6) Gas tungsten a r c  welding of top end cap in helium at 1 atmosphere pressure 
(7) Inspection of final closure welds including visual inspection, helium leak testing, 
(8) X-ray radiography to show positioning of fuel and spacers 
(9) Measurement of fuel pin diameters, lengths, and weights 
The degreasing operation consisted of washing with high purity acetone followed by 
using the following procedures: 
made for chemical analysis and metallography) 
testing, X-ray radiography, and dye penetrant testing 
swab if contamination was present) 
and X-ray radiography 
(10) Final degreasing and vacuum heat treatment at 1330' C for 1 hour 
an alcohol rinse. The chemical cleaning solutions were composed of nitr ic acid, sulfuric 
acid, hydrofluoric acid, and water (ref. 18). 
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APPENDIX B 
PREIRRADIATION DIAMETER AND LENGTH MEASUREMENTS ON TEST FUEL PINS 
0 (next to weld a t  top) 
1 .27 
2.54 
3.81 
5.08 
6.35 
7.62 
8.89 
10.16 
11.43 (next to weld a t  bottom) 
DUEL PIN 10 (T-111 AND 85 PERCENT DENSE UN) 
0 
0. 9464 
,9464 
.9459 
,9462 
,9462 
.9462 
.9459 
.Y459 
,9462 
.9467 
FUEL PIN 11 (T-111 AND 85 PERCENT DENSE IJN) 
Reading number 
Distance from top weld, 
cm 
Fuel pin length, cm 
' W-eid io we161 Stem to st-m 8 
Diameter, 
cm 
Diameter, 
cm 
Distance from top weld, 
cm 
kleasurement location, d 
~ 
Measurement location, del 
90 0 
0.9454 
.9459 
,9456 
.9454 
,9451 
.9449 
,9449 
,9454 
.9451 
,9449 
90 
0.9464 
,9459 
.9459 
.9454 
,9459 
,9454 
,9454 
.9454 
,9459 
,9472 
0 (next to weld at top) 
1.27 
2. 54 
3.81 
5.08 
6. 35 
7. 62 
8. 89 
io. 16 
1.43 {next to weld at  botton 
0 (next to weld at  top) 
1 .27 
2.54 
3 .81  
5.08 
6 .35  
7.62 
8 . 8 9  
10.16 
11.43 (next to weld at bottom1 
1 
2 
3 
Average 
11.382 12.507 
11.387 
11.397 
11.410 12.537 
11.405 12. 540 
11.410 12.540 
11.407 12.540 
1 
2 
3 
Average 
I I 
FUEL PIN 12 (T-111 AND 95 PERCENT DENSE UN) FUEL PIN 13 (T-111 AND 85 PERCENT DENSE UN) 
1 Distance from top weld, Distance from top weld, 
cm 
Diameter, 
cm 
Diameter, 
cm 
Measurement location, deg 
cm 
Aeasurement location, deg 
90 90 
0.9459 
.9459 
,9462 
.9464 
,9462 
.9459 
,9459 
,9459 
,9462 
,9462 
0 
0.9479 
,9474 
,9474 
,9472 
.9479 
.9477 
,9474 
,9477 
,9477 
,9477 
0 (next to weld at top) 
1.27 
2.54 
3.81 
5.08 
6.35 
7.62 
8.89 
.O. 16 
.1.43 (next to weld at  bottom) 
I 
11.384 
11.394 12.537 
11.407 12.543 
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F U E L  PIN 14 (T-111 AND 95  PERCENT DENSE UN) 
Reading number  
1 
2 
3 
Average  
FUEL PIN 1 5  (T-111 AND 85 PERCENT DENSE UN) 
Fuel  pin length,  cm 
Weld to  weld Stem to  s t em 
11.394 12.865 
11.397 
11.412 
11.402 1 
Dis tance  from top weld,  
cm 
0 
0 .9507  
.9510 
, 9 5 0 5  
.9512 
.9507 
.9507  
.9497 
.9502  
.9507 
, 9 5 1 0  
0 (next to  weld a t  top) 
1 . 2 7  
2.54 
3 . 8 1  
5 .08  
6 . 3 5  
7 .62  
8.89 
0. 16 
1 . 4 3  (next to weld at  bo t tom)  
90 
0.9510 
, 9 5 1 2  
.9510 
.9507  
, 9 5 0 7  
.9505 
.9502  
.9505  
.9510 
, 9 5 1 0  
Diameter  , 
c m  
Reading number  
1 
2 
3 
Average  
Measurement locat ion,  del 
Fuel  pin length, cm 
Weld to  weld Stem to s t em 
11.389 12.548 
11.405 
11.410 
11.402 
0 
0.9464 
,9467  
.9467 
.9464 
.9464 
.9464 
.9462 
.9456  
.9479 
.9477 
9 0  
0.9464 
.9462  
,9464  
.9459  
.9456 
.9467  
.9464 
11.425 12.532 
11 .428  12.532 
11.433 12.530 
Average 11.428 12.530 
FUEL PIN 16 (Cb-1Zr AND 95 PERCENT DENSE U 0 2 )  
Diamete r ,  I c m  Dis tance  from top  weld,  cm 
0 (next to  weld at  top) 
1 .27  
2.54 
3 . 8 1  
5 . 0 8  
6 . 3 5  
7 .62  
8 .89  
io. 16 
. l .  4 3  (next to weld a t  bottom 
Reading number 
Ti Average 11.432 12. 596 11 .420  11.445 
11.432 
Distance f r o m  top weld, 
cm 
0 (next to weld a t  top)  
1. 27 
2. 54 
3. 81 
5. 08 
6. 35 
7. 62 
8. 89 
LO. 16 
11.43 (next to  weld a t  botto 
Measurement locat ion,  deg  
J 
0 
0.9467 
.9467 
.9472  
,9464 
1 
.9459 
.9467  
,9477  
0.9477 
,9469 
.9467 
,9464 
,9464 
,9456  
,9456  
,9454 
.9462  
.9469 
FUEL PIN 17 (T-111 AND 9 5  PERCENT DENSE U 0 2 )  
Diamete r ,  
cm 
Distance f r o m  top weld, 
cm 
Measurement  locat ion,  deg 
0 (next to  weld a t  top) 
1. 27 
2. 54 
3. 81 
5. 08 
6.35 
7. 62 
8. 89 
0. 16 
1 . 4 3  (next to weld a t  botton- 
0.9469 
1 
.9467 
,9464  
.9469 
,9464  
.9467  
0.9469 
1 
,9467 
.9469 
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F U E L  PIN 18 (Cb-1Zr AND 95 PERCENT DENSE U02) 
Reading number 
1 
2 
3 
Aver age  
Dis tance  f rom top weld,  
cm 
~ 
Fuel pin length ,  cni 
Weld t o  weld S t e m  to s t e m  
11.400 12.847 
11.410 
11.402 
11.405 
0 (next t o  weld a t  top) 
1. 27 
2. 54 
3. 81 
5. 08 
6. 35 
7. 62 
8. 89 
0. 16 
1. 43 (next to weld a t  bottom 
D i a m e t e r ,  
cm 
Measurement  location, deg  
0 
0.9525 
-9517 
,9520 
,9525 
.9522 
,9510 
.9520 
.9512 
.9510 
,9510 
90 
0.9515 
.9520 
1 
,9515 
.9510 
.9515 
.9510 
31 
32 
0 (next to weld at  top) 
1. 27 
2.54 
3.81 
5.08 
6.35 
7.62 
8.89 
IO. 16 
11.43 (next to weld at  bottom) 
APPENDIX C 
OUT -OF -REACTOR THERMAL CONTROL FUEL PIN WEIGHTS AND DIMENSIONS 
0 90 
0.9520 0.9512 
,9517 ,9517 
,9520 .9520 
,9520 ,9520 
.9520 .9517 
.9515 
.9520 
. 9520 
,9515 ,9520 
.9522 ,9510 
I 
PRETEST 
FUEL PIN S-lBa (Cb-1Zr AND 95 PERCENT DENSE UOz) 
Distance from top weld, 
cm 
POSTTEST 
FUEL PIN s-18~ (Cb-lZr AND 95 PERCENT DENSE uo2) 
Diameter, 
cm 
Diameter, cMeasurement location, deg Distance from top weld, cm 
0 (next to weld at top) 
1.27 
2.54 
3.81 
5.08 
6.35 
7 . 6 2  
8.89 
10. 16 
11.43 (next to weld at  bottom) 
0 
0.9467 
,9472 
,9474 
.9469 
,9469 
,9479 
,9472 
,9469 
,9462 
,9462 
Average 
Fuel pin length, cm 
11.402 12.568 
11.412 
11.420 
11.412 
I Measurement location, deg 
90 
0.9474 
,9469 
,9469 
,9469 
,9464 
,9469 
.9469 
,9469 
,9456 
,9469 
11.428 12.560 
11.412 
11.410 
Average 11.415 
"Weight, 93. 381 g .  
Distance from top weld, 
cm 
0 (next to weld a t  top) 
1. 27 
2. 54 
3.81 
5. 08 
6. 35 
7. 62 
8. 89 
10. 16 
11.43 (next to weld a t  bottom) 
Diameter, 
cm 
neasurement location, dep 
0 
0.9528 
,9517 
,9520 
,9517 
,9517 
,9522 
,9520 
,9517 
,9515 
,9512 
90 
~~ 
0.9525 
,9520 
,9525 
.9517 
.9515 
.9522 
,9517 
.9517 
,9515 
,9505 
11.438 
11.430 
Average 
aWeight, 69. 884 g. 
FUEL PIN S-17a (T-111 AND 95 PERCENT DENSE U 0 2 )  
Distance from top weld, 
cm 
0 (next to weld a t  top) 
1. 27 
2. 54 
3.81 
5. 08 
6. 35 
7. 62 
8. 89 
10. 16 
11.43 (next to weld a t  bottom 
Diameter, 
cm 
~ 
vleasurement location, deg 
0 
0.9472 
.9472 
,9472 
,9474 
,9472 
,9472 
.9472 
,9456 
.9462 
,9469 
90 
0.9467 
,9474 
,9472 
.9477 
,9469 
.9469 
,9472 
,9462 
,9459 
,9467 
11.432 
11.437 
11.381 
Average 11.417 
%eight, 93.377 g. 
PRETEST 
FUEL PIN S-16a (Cb-1Zr AND 95 PERCENT DENSE U 0 2 )  
0.9522 
.9510 
.9510 
.9512 
.9505 
.9507 
~ .9507 
.9512 
1 .9507 
0 (next to weld at top) 
1 .27 
2.54 
3.81 
5 .08  
6 .35  
I. 62 
8.89 
10.16 
11.43 (next to weld a t  bottom 
0 (next t o  weld at top) 
1. 27 
2. 54 
3. 81 
5. 08 
6. 35 
7. 62 
8.89 
10. 16 
11.43 (next to weld at bottom) 
0.9515 
I 
). 
.9512 
.9510 
,9510  
.9510 
.9502 
.9502 
0 
0.9477 
.9477 
.9472 
.9467 
.9472 
.9469 
.9459 
.9464 
.9459 
.9459 
0.9517 
.9520 
.9515 
.9515 
.9510 
.9507 
,9510 
.9505 
.9515 
.9502 
11.432 12.535 
t1 .410 
11.405 
Average 11.415 
aWeight, 69. 583 g. 
FUEL PIN S-ga (T-111 AND 95 PERCENT DENSE UN) 
I Distance f rom top weld,  
c m  
0 (next to weld a t  top) 
1 .27 
2.54 
3 .81  
5.08 
6.35 
7.62 
8.89 
10.16 
11 .43  (next to weld at bottom 
Diameter ,  
c m  
Measurement  location, deg 
0 
0. 94 59 
.9462 
.9462 
.9454 
.9454 
.9464 
.9456 
.Y454 
,9451  
.9446 
90 
0.9462 
.9462 
.9456 
.9454 
.9454 
.9459 
.9446 
.9449 
.9449 
.9459 
1 I I 
12. i t la  
Average 11.435 
aWeight, 101.947 g. 
POSTTEST 
FUEL PIN S-16a (Cb-1Zr AND 95  PERCENT DENSE U02)  
Distance f rom top weld, 
cm 
Diameter ,  
cm 
Measurement location, del 
0 I 90 
0 (next to weld at top) 
1. 27 
2. 54 
3. 81  
5. 08 
6. 35 
7. 62 
8. 89 
0. 16 
0.9510 
. 9  520 
.9517 
.9512 
.9507 
.9510 
.9505 
.9512 
.9507 
1.43 (next t o  weld at bottom) 1 .9502 I .9497 
Reading number Fuel pin length,  c m  
Weld to weld Stem to s t em 
11.468 
11.484 
11.435 ------ 
Average 11.462 
aWeight, 69.584 g. 
FUEL PIN S-ga (T-111 AND 95 PERCENT DENSE UN) 
90  
0.9479 
.9474 
.9469 
.9469 
,9479 
.9464 
.9472 
.9469 
.9467 
.9469 
11.433 
_----- 
11.433 
%eight, 101-947 g. 
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PRETEST 
FUEL PIN S-8a T-111 AND 95  PERCENT DENSE UN) 
Reading number 
POSTTEST 
FUEL PIN S-8a (T-111 AND 95 PERCENT DENSE UN) 
Fuel pin length, c m  
Weld to weld Stem to s t em 
Distance from top weld,  
cm 
Average 
Distance f rom top weld, 
c m  
11.453 12.703 
Diameter ,  
cm 
fleasurement location, del 
0 
0.9489 
,9472 
,9469 
,9467 
,9469 
.9459 
,9462 
,9472 
,9474 
,9477 
Diameter ,  
cm 
Measurement  location. d e  
90 
0.9487 
,9469 
.9469 
,9467 
.9464 
.9462 
,9467 
.9472 
.9467 
.9477 
Reading number 
1 
2 
3 
Av wage  
Fuel  pin length,  c m  
Weld to weld Stem to s t em 
11.468 ------ 
11.450 __-_- -  
11.460 _----- 
11.459 _-_--- 
Reading number 
1 
2 
3 
Average 
Fuel pin length, cm 
Weld to weld Stem to s tem 
11.453 12.705 
11.443 12. 708 
11.450 12.705 
11.448 12.705 
0 90 90 
0.9454 
,9454 
,9451  
.9456 
,9456 
.9456 
.9459 
.9462 
.9454 
.9469 
0 (next to weld at top) 
1 .27  
2.54 
3.81 
5.08 
6. 35 
7.62 
8.89 
LO. 16 
11.43 (next to weld at  bottom) 
0.9439 
.9446 
,9441  
,9439 
.9441 
.9444 
,9446 
.9446 
.9446 
.9456 
0.9439 
,9444 
,9436 
,944 1 
,9439 
,9451  
0 (next to weld a t  top) 
1.27 
2. 54 
3. 81  
5.08 
6.35 
7. 62 
8. 89 
0. 16 
1 .43  (next to weld at  bottom 
0.9446 
.9449 
,9449 
,9451 
.9444 
,9451  
,9451  
.9454 
.9459 
,9469 
I Reading number I Fuel pin length,  cm I 
L 11.463 11.468 11.455 
Average 11.462 
"Weight, 101. 146 g. 
FUEL PIN ~ - 7 ~  (T-ill AND 85 PERCENT DENSE UN) 
11.453 12.705 
11.453 12.703 
11.458 12.703 
Distance from top weld,  
cni 
Diameter ,  
cm 
Distance from top weld,  
cm 
Diameter , 
cm 
Measurement location, deg 
0 
0.9454 
,9462 
.9456 
. 9454 
.9446 
.9449 
,9451  
. 9454 
.9456 
.9479 
90 
0.9467 
,9462 
,9456 
,9462 
.9451 
,9449 
.9451 
,9454 
,9454 
,9469 
0 
1 .27  
2. 54 
3. 81 
5. 08 
6 .35  
7.62 
8. 89 
IO .  16 
L1.43 (next to weld a t  bottom 
0 (next to weld at top) 
1 .27  
2.54 
3 . 8 1  
5.08 
6.35 
7 . 6 2  
8 .89  
0. 16 
1.43 (next to weld a t  bottom 
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PRETEST 
FUEL PIN S-3a (T-111 AND 85 PERCENT DENSE UN) 
0 
0.9469 
.9464 
.9459 
.9459 
.9462 
.9462 
,9467 
.9456 
----- 
.9474 
POSTTEST 
FUEL PIN S-3a (T-111 AND 85 PERCENT DENSE UN) 
90 
0,9464 
.9456 
.9459 
.9467 
.9459 
.9459 
.9459 
.9462 
----- 
.9451 
Diameter ,  
cm 
neasurement  location, deg 
Reading number 
Distance from top weld, 
cm 
Fuel pin length, cm 
Weid to we16 Stem t3 stern 
Distance from top weld, 
cm 
Diameter ,  
cm 
0 90 
0.94 54 
.9454 
.9451 
1 
.9454 
.9451 
.9451 
.9474 
0.9454 
,9449 
.9444 
.9444 
.9451 
.9449 
.9451 
.9454 
.9451 
.9477 
0 (next to weld a t  top) 
1.27 
2.54 
3.81 
5.08 
6.35 
7.62 
8 ,89  
10.16 
11.43 (next to weld a t  bottom1 
0 (next to weld a t  top) 
1.27 
2.54 
3.81 
5.08 
6.35 
7.62 
8.89 
LO. 16 
11.43 (next t o  weld at bottom) 
1 i 1 11.448 I 1 2 . 1 2  1 
11.445 
11.440 
Average 11.445 
aWeight, 101.372 g.  
FUEL PIN S-2a (T-111 AND 85 PERCENT DENSE UN) 
11.455 
11.458 
11.463 
%eight, 101.367 g. 
FUEL PIN S-Za (T-111 AND 85 PERCENT DENSE UN) 
Distance from top weld, 
c m  
Diameter,  
cm 
I Distance from top weld, 
cm 
Diameter ,  
cm 
bleasurement location, del vleasurement location, del 
0 90 0 
0.9451 
.94 54 
,9459 
.94 59 
.9462 
.94 54 
.9454 
.94 59 
,9454 
,9459 
0 (next to weld a t  top) 
1 .27 
2.54 
3.81 
5 .08  
6.35 
7.62 
8.89 
0.16 
1 . 4 3  (next to weld at  bottom) 
0.9436 
.9444 
.9446 
,9446 
.9446 
.9449 
,9439 
.9444 
,9444 
.9472 
0 (next to weld at top) 
1.27 
2.54 
3.81 
5.08 
6.35 
7.62 
8. 89 
10.16 
11.43 (next t o  weld at bottom 
0.9459 
.9459 
.9459 
.9451 
.9451 
.9449 
.9444 
.9449 
.9444 
,9469 
0.9451 
,9462 
.9459 
,9462 
.9451 
,9456 
, 9469 
.9464 
.9479 
11.460 12.700 
11.466 
Average 11.460 
aWeight, 101.246 g.  
I i .  428 
11.463 
11.471 
%eight, 101.244 g. 
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APPENDIX D 
SAMPLE CALCULATION OF AMOUNT O F  HYDROGEN PRODUCTION FROM 
{N14(n,p)C14} REACTION IN UN FUEL DURING 
IRRADIATION TESTS AT ORNL 
Calculations were made to determine the amount of hydrogen produced in UN fuel 
during irradiation testing at ORNL. The source of the hydrogen is assumed to be the 
(N14(n,p)C14} reaction of thermal neutrons with the nitrogen in the fuel. In these cal-  
culations it was assumed that all of the hydrogen produced by this reaction w a s  absorbed 
by the T-111 fuel pin cladding. Although the calculated pickup of hydrogen is small ,  it 
exceeds the 1 to 2 ppm by weight which has been found to b e  sufficient to cause room tem- 
perature embrittlement of T-111 which has been aged at 990' C for long periods of t ime 
(1000 hr or more). All pins were essentially the same with regard to the amount of UN 
and T-111; so the calculation of hydrogen production w a s  made only for one pin 
(table Xn). 
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APPENDIX E 
CALCULATION OF TOTAL STRAIN ON Cb-1Zr CLADDING FROM FISSION 
GASES RELEASED BY U 0 2  FUEL IN 50 000 HOURS AT 990' C 
The s t ra in  ra te  for the Cb-1Zr alloy at 982' C is (ref. 26) 
cm/cm -hr 
= (l. o~x108)4 .  83 
The units of s t r e s s  (a) are newtons per square meter. 
ding s t r e s s  increase linearly with time. The instantaneous s t r e s s  ai can then be  ex- 
pressed as a function of time t in hours: 
It is assumed for these calculations that the fission gas pressure and thus the clad- 
a Ft a .  1 =- 
5 x 1 0 ~  
where aF is the final cladding stress a t  50 000 hours of irradiation time. The s t ra in  
r a t e  equation for Cb-1Zr becomes by combining equations (1) and (2) 
=( 12)4.83 
5.31X10 
(3) 
To get the total s t ra in  Etotal over the 50 000 hours of irradiation this equation can 
be integrated as follows: 
4.83 50 000 
5.3 1x10 5. 31x10 
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The s t r e s s  on the cladding at the end of the irradiation is equal to the hoop stress: 
- AD -22 (5) 
where a, is the final internal pressure of fission gases,  D the inside diameter of the 
cladding, and 2 the wall thickness of the cladding. 
lease after 50 000 hours equal to  that of fuel pin 18, the values of D, 2 ,  and PF a r e  
0.016 meter,  0.00152 meter,  and 16. 63x10 newtons per square meter ,  respectively, at 
990' C. The final s t r e s s  on the cladding is then 
For a reference design Cb-1Zr (95 percent dense U 0 2 )  fuel pin with fission gas r e -  
5 
Substituting the value for u F  into equation (5) gives the total s t ra in  on the Cb-1Zr 
cladding at the end of 50 000 hours at an irradiation temperature of 990' C as 
4.83 
= 1 . 4 7 x i 0 - ~ ~  (8. 75X1O6) = i . 4 7 x i 0 - ~ ~  x 3 . 8 8 ~ 1 0 ~ ~  = 5. 7x10'2 = 5.7 percent €total 
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TABLE I. - PINS USED IN IRRADIATION CAPSULES 
~ 
14 
Middle pin 
T-111 
Tungs ten 
UN 
10.96 
93. 85 to 94. 28 
7.62203 
44.9927 
0. 7810 to 0.7816 
0.2261 to 0.2299 
8 
Position in capsule 
Cladding material 
Cladding liner material 
Fuel pellets: 
Material 
235U enrichment, percent 
Density, percent theoretical 
Stack length, cni 
Weight, g 
Outside diameter, cm 
Inside diameter, cm 
Number of pellets 
15 
Bottom pin 
T-111 
Tungsten 
UN 
10.96 
83.94 to 84.78 
7.62051 
44.0773 
0. 7803 to 0.7818 
--------------- 
9 
Position in capsule 
Cladding material 
Cladding liner material 
Fuel pellets: 
Material 
235U enrichment, percent 
Density, percent theoretical 
Stack length, cm 
Weight, g 
Outside diameter, cm 
Inside diameter, cm 
Number of pellets 
17 
Position in capsule 
Cladding material 
Cladding liner material 
Fuel pellets: 
Material 
235U enrichment, percent 
Density, percent theoretical 
Stack length, cm 
Weight, g 
Outside diameter, cm 
Inside diameter, cm 
Nunibcr of pellets 
18 
(a) Capsule UN-4 
Fuel pin 
T-111 
Tungsten 
10 
Cb -lZr 
Tungs ten 
Top pin 
T-111 
Tungsten 
95. 26 to 95.44 
7.  62406 
35.478 
0. 7823 
0. 213 
10 
UN 
19. 86 
85. 82 to 86.03 
7.62229 
44.9204 
D. 7803 to 0.7823 
_____-- - -_- - -__ 
8 
95.80 to 96.08 
7. 62229 
35. 647 
0.7823 
0. 213 
i o  
(b) Capsule UN-5 
11 
Middle pin 
Tungsten 
T-111 
UN 
10.96 
83. 94 to 84. 78 
7. 62457 
44.0493 
I. 7800 to 0. 7816 
_-------------- 
9 
12 
Bottom pin 
T-111 
Tungs ten 
UN 
10.96 
93.85 to 94. 27 
7.61721 
44,9044 
0. 7803 to 0.7818 
0. 2273 to 0.2299 
8 
13 
Top pin 
T-111 
Tungsten 
UN 
19. 86 
85. 54 to 86. 73 
7.61949 
44.9513 
0. 7798 to 0.7823 
8 
- - - - - - - - - - - - - - - 
Fuel pin 
(c) Capsule UN-6 
16 
Top pin 
Cb-1Zr 
Tungsten 
u02 
10 
95. 26 to 95. 62 
7.6200 
35.475 
0.7823 
0.213 
10 
u02 I 
10 
u02 
8 
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m 
3 
- 
l- 
3 
- 
W 
3 
- 
z 
B 
N 3
- 
z 
B 
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3 
- 
In 4
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- 
m 
5 
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9 
z 
- 
m 
5 
4 
B 
O 
4 
w 3 
In m 
L- 
O 
Y Y  
o w  
O N  
t- 
F 
m o a  m 
0 0  
m i  
m i  
m 
0 
t - I  d t - I  
0 ;  
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TABLE III. - ISOTOPIC AND CHEMICAL ANALYSIS OF UN PELLETS 
USED I N  UN-4, UN-5, AND THERMAL SIMULATION PINS 
233u (wt. %) 
234u (wt. %) 
235u (wt. %) 
236u (wt. Ole) 
238U (wt. 8) 
233u (wt. %) 
234u (wt. %) 
235u (wt. % 
236u (wt. %I 
23% (wt. Olcl 
N (wt. %) 
u (wt. %) 
0 bPm) 
c ( P P 4  
B bpm) 
Fuel pin 
17 and S-17 16, 18, S-16, and S-18 
<O. 0005 <o. 001 
.059 .075 
8. 27 10.28 
.031  .040  
91.64 89.60 
j-2, S-3, 10, and 11 
<O. 0005 
0 .131  
19 .86  
0 .122  
79.89 
5.38 to 5.37 
94 .40  to  94.41  
1000, 1230, 1260 
330, 330 
0 . 4  
Fuel  pin 
S-8, S-9, 12, and 14 
*'O. 0005 
0.099 
10.96 
0 .043  
79.89 
5 .41  to 5.46 
9 4 . 4 1  to 94 .42  
1050, 1070 
280, 380 
1 
11, 15, S-7 
-'O. 0005 
0.090 
10.96 
0.043 
88.90 
5.49 to 5 . 4 8  
94.36 to 94.34 
1270, 1330 
120, 170 
0.4 
TABLE IV. - ISOTOPIC AND CHEMICAL ANALYSIS 
O F  U02  PELLETS USED IN UN-6 AND 
THERMAL SIMULATION PINS 
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TABLE V. - LEAK TEST RESULTS AND WEIGHT CHANGES ON IRRADIATED FUEL PINS 
Fuel  pin Cladding Fuel  Pressure in void, 
N/m 
11 T-111 85 Pe rcen t  dense  UN 2. 70x1O5 
17 T-111 95 Percent  dense  U 0 2  4. 55x1O5 
18 Cb-1Zr  95 Pe rcen t  dense  U 0 2  3 .  95x1O5 
Fuel pin 
Percent  f i ss ion  
g a s  r e l e a s e  
(calculated) 
4 . 3  
3 4 . 9  
26.4 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Fuel pin 
:ladding 
Cladding 
Calculated from 
Fuel 
Measured by gamma scan  
85 Percent  dense UN 
85 Percent dense UN 
95 Percent  dense UN 
85 Percent  dense UN 
95 Percent  dense UN 
85 Percent dense UN 
95 Percent dense U02 
95 Percent dense U02 
95 Percent  dense UO, 
! 
85 Pe rcen t  dense  UN 2 . 8 3  
95 Pe rcen t  dense  UN 2 .64  
95 Pe rcen t  dense  U02  1 . 7 6  
95 Pe rcen t  dense  U 0 2  2 .04  
Leak indication 
helium m a s s  spectrometer) 
2. 76 
3. 11 
2. 28 
1. 95 
Very slight leak indicated 
No leak indicated 
Cracked; not tested 
No leak indicated 
Cracked; not tested 
Slight leak indicated 
Very slight leak indicated 
No leak indicated 
No leak indicated 
%Solid fuel pin extension broke off inside cup extension 
Weight differential caused by this equal t o  0 .2  to 0 . 3  
included in postirradiation weights. 
on 
g. 
Preirr adiated 
weight, 
g 
102.444 
100. 705 
103.286 
102. 862 
102.488 
102.780 
69.453 
93.455 
70.307 
?ostirradiateda 
cor rec ted  
weight, 
g 
102.5 16 
100.692 
104.592 
102.816 
105.437 
102.757 
69.547 
93.444 
70.309 
Weight 
change , 
g 
pin below when pins were  removed f rom NaK capsule, 
Tungsten wire tying extension cups to  extension rods  
+O. 072 
-. 013 
+l. 306 
+3.051 
-. 046 
-. 023 
+. 094 
-. 011 
f. 002 
TABLE W. - FUEL BURPJUP VALUES FOR SELECTED FUEL PINS 
Fuel  
I I I 
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TABLE MI. - CLADDING DIAMETRAL STRAIN TEST RESULTS 
85 Percent  dense UN 
95 Percent  dense UN 
95 Percent  dense U 0 2  
95 Percent  dense U 0 2  
Fuel  pin 
1 . 0  >6. 0 
Brit t lea Ductileb 
1 .0  Brittle‘ 
>7.0 >8. 0 
11 
14 
17 
18 
Fuel pin 
11 
14 
Cladding 
Pre i r rad ia t ion  Pos t i r rad ia t ion  density 
density,  
percent  t rue  density CC1 immers ion  density,  
percent  theoretical  density percent theoretical  density 
84.8 80 .2  86 .3  
94 .3  76 .5  80.6 
T-111 
T-111 
T-111 
Cb-1Zr 
Fuel  Cladding r ing  expansion ductility, 
percent  
1 h r  anneal 
aCracked during irradiation. 
bDetermined by flattening in a v ise  not by r ing  expansion. 
‘Amount of expansion not measured;  ductility not improved over  
as - i r rad ia ted  measurement .  
TABLE X. - INTERSTITIAL ANALYSIS OF CLADDING MATERIAL 
FROM THERMAL SIMULATION FUEL PINS 
P r e t e s t ,  
ppni by weight ppni by weight 
230 23 
j 2 . 3  
aVacuum fusion analysis;  -tl ppni by weight. 
bVacuuni fusion analysis;  +O. 5 ppm by weight. 
‘Inert gas fusion ana lys i s ;  io. 5 percent  of l isted value. 
TABLE XI. - MAXIMUM FUEL PIN DIAMETRAL SWELLING 
Fuel  pin Cladding Fuel  I r r  adiatior 
I I  
Fuel burnup, 
metal  at. % tin] e ,  I hr 
Cladding diametral  change. 
(AD 0)100, 
Calculated 
2. 87 
2 .  83 
2. 74 
2. 79 
2. 64 
2. 72 
1. 67 
1. 76 
2. 04 
percent 
0 . 2  
. 3  
d l .  5 
d9c3. 7 
3 
. Y  
.4 
. 5  
. 5  
1 . 0  
Measureda 
b16 
17 
18 
Cb-1Zr 95 P e r c e n t  dense U 0 2  8 333 
T-111 95 P e r c e n t  dense U 0 2  8 333 
Cb-1Zr 95 P e r c e n t  dense U02  8 333 
Measurement  of axial bulge of cladding direct ly  opposite the c rack  indicates cladding s t r a in  was e 
1. 5 percent  when cladding cracked. 
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TABLE XII. - SAMPLE CALCUL,ATION O F  HYDROGEN FROM 
{N'4(n,p)C14) REACTION I N  UN FUEL 
[Outer d iameter  of fuel, Do, cm;  inner d iameter  of fuel, D., c m ;  
Avogadro's number ,  NA; molecular weight, MW. ] 
Item 
3 Volume of fuel cylinders,  Vf = TI 4(Dz - D:), cm 
2 
F ~ U X ~ ,  cp, neutrons/cm -sec 
I r rad ia t ion  t imea ,  t ,  s e c  
b Reaction c r o s s  section (E  = 0.025 eV) ,  o ( n , p ) ,  1: 
3 Fuel  densityc,  p ,  g/cm 
Molecules of UN/cm3, pNA/MW 
Tota l  nitrogen reaction c r o s s  sec t ion ,  
Reaction r a t e  density,  KR = z ( n , p ) c i ,  
Number of protons generated,  N 
Moles of hydrogen, MH 
Weight of hydrogen, WH = M MWH 
Weight of T - l l l a ,  WT-lll ,  g 
End of life concentration of hydrogen in T-111, 
c ( n , p )  = a ( n , p )  x molecules of ~ ~ / c r n ' ,  c m - l  
= VfKRt 
P 
= Np/2NA 
2 
2 H2 2 
[wH2/(wT-111 + wH2)]1063 ppm by weight 
aMeasur ed. 
bRef. 27. 
'From measured  weight and dimensions.  
~~ 
Fuel pin 14 
95 percent  dense  UN! 
3 .33  
3. 6X107 
1 . 9  
13 .5  
3 .  27x1022 
6 .  21x10-2 
12.4x1Ol1 
1. 49X1O2O 
1 . 2 3 x 1 0 - ~  
2 . 4 6 ~ 1 0 - ~  
48 .9  
5 . 0  
2x10 l3 
cs -59096 
,- Locking head 
,- Vibration 
suppressor 
I T-111 clad: 
1 90 cm (0.75 in. ) 0. d. 
0.147 cm (0.58 in. ) th ick 
r Tungsten barrier: 
' 0.013cm (5 mi l )  
-- UN fuel  pellet 
(total fue l  length, 
37.6 cm (14.8 in. )) 
--Vibration suppressor 
and fuel  expansion 
accommodator IT-111) 
- Bayonet joint 
anchor p i n  
Figure 1. - Advanced power reactor concept fuel  pin. 
Spherical spacer (T-1111, 
Flat washer (tungsten) -, I 
I ,-Tubular spacer (tungsten) 
I 
I / I 
I I  / 
; I  I r F u e l  cylinders (UN o r  UO$, 0.792 (0.312)o.d. 
l i  I 
I '  I End cap (T-111 I 
I 1  ' 
I '  / r Liner (tungsten), 0.008 (0.003) th ick  o r  Cb-1Zrl 7, 
1 1  / 
I 
\ ' I  r C l a d d i n g  (T-111 or Cb-1Zr). 0.068 (0.027) wall I 1  
-!!. 43 !4.5! 
Figure 2. -Typical test fue l  p in  configuration. Al l  dimensions are in centimeters (in. ). 
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I 
NaK fi l led gap-. 
NaK containment 
vessel (Cb - 1Zr) - .. 
. '. 
. . '. 
Inner  he l ium filled gap-. .. - 
Primary containment 
vessel 1304 stainless steel)--,_ . . 
,' 
, , 
Fuel pin-' 
/ 
/ 
Outer he l ium fi l led gap - -' 
- NaK thermocouples: two for 
each fuel pin, junct ion at 
p in  axial midpoint, 180Oapart 
-Chromel-Alumel thermocou le pair for AT 
measurements: 4 pairs, 90 apart, around 
each fuel p in  axial midpoint 
8 
Figure 4. - Fuel p in  irradiat ion capsule configuration. 
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20x10-? 
Fuel p i n  
hl idd le 
Bottom 
TOP - ---- -- h, -- 
\ 
\ 1 Percent strdin 
I--- 
I 
I 
I L 
12 
a 
4 t ,FA 
I I 
v 
\ 
\ 
m 
y (a i  Diametral prof i le of fue l  p ins i n  capsule 
l2F 8 
4 
d \  Fuel p i n  Number 
TOP 13 
Middle 14 
- - Bottom 15 I 
\ 
\ 
I 
,I I 4 
\ I I 
\ 
\ I / 1 Percent s t ra in  )$- 
I 
I 
\ 
\ 
Number 
10 
11 
12 
Fuel  p i n  Number 
16 
Middle 17 
Bottom 18 
- TOP ------ 
-- 
\ 
a-Q \ 
0 2 4 6 8 1 0 1 2  0 2 4 6 8 10 12 
Distance from top of fue l  pin, cm 
tbl  Diarietral prof i l? of fuel pins in capsule I C I  D ia r i r t ra l  profi le of fk ie l  ()ins in c d l i ~ i i l i .  
UN-5. UN-6. 
Fiyure 6. - F u e l  [)in iliar;ietral changes af ter  i r rat l idt inn 
3 . 0 ~  0 
Figure 7. -Measured burnup profi le in p i n  11 (T-111 and 85 percent dense U N I  from gamma scan normalized by 
isotopic mass spectrometer analysis. 
+ Hardened steel 1 
Figure 8. - Ductility r i n g  expansion test components. 
(a) P i n  14. 95-Percent dense UN; 10 035 hours at  9900 (b)  P i n  11. 85-Percent dense U N :  10 045 hours at  990" C; etched. 
C; etched. x250. x125. 
Figure 9. - Microstructure of irradiated T-111 cladding and tungsten liner from UN fueled pins. 
~ 
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Figure  10. - Irradiated T-111 cladding (8333 hr a t  990" C) from 95 per- 
cent dense UO2 fuel pin. Note erosion and grain boundary separa- 
t i o n  i n  T-111 a t  l iner c r a c k  Etched. ~ 2 5 0 .  
Tungsten 
l i n e r  
t 
Cb-1Zr 
ciadd I ng 
Figure 11. - Irradiated Cb-1Zr cladding (8333 hr a t  990" C! from 95 
Percent dense UO2 fue l  pin. Note  erosion i n  c ladding at l iner 
crack. Etched. ~250. 
54 
Figure 12. - Crack in T-111 cladding of 95 percent dense UN fuel pin 14. Crack width, 
= 0.053 centimeter (0.021 in.). Fuel p in  irradiated for 10 035 hours at 990" C. x6. 
i 
\ / 
Inside 1 
diameter J 
(a) Crack edge in  T - l l !  cladding. Etched. i b i  T-l!! cladding crack, 95  percent dense UN fuel pin. Unetched. 
Figure 13, - Cladding cracks in  T-!!! and 95 percent dense ?IN ~!radia!ed f o r  !Ci 035 hours a! 99@: C. x?50.  
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(a) T-111 and 81j percent dense UN. 
(c) T-111 and 94 percent dense UO2. 
(b) T-111 arid 95 percent dense UN. 
(d) Cb-1Zr and 94 percent dense UO2. 
Figure 21. - Microshucture of out-of-reactor thermal simulation p i n  claddings. Etched. r.250. 
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